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PREFACE. 


T  I  ^HESE  studies  were  written  with  the  purpose  of  collect- 
ing information  about  the  efficiency  of  our  artificial 
illuminants  as  energy  transformers,  both  for  the  sake 
of  rendering  the  facts  readily  accessible  and  also  for  informa- 
tion as  to  the  lines  future  progress  is  likely  to  take.  From 
this  standpoint  photometry  is  not  important,  and  con- 
sequently it  has  not  been  considered. 

The  principal  scientific  journals  have  been  worked  through 
for  the  past  twelve  years,  but  the  references  to  the  literature 
given  in  the  different  chapters  are  not  complete,  the  less 
important  Papers  being  omitted. 

Ten  of  the  twelve  chapters  have  already  appeared  in 
THE  ELECTRICIAN  in  a  slightly  different  form,  and  I  am 
indebted  to  Mr.  W.  K.  Cooper,  Editor  of  THE  ELECTRICIAN, 
for  several  valuable  suggestions.  I  am  also  indebted  to 
Prof.  A.  Gray,  F.R.S.,  LL.D.,  for  the  benefit  of  his  criticism. 

R.  A.  HOUSTOUN, 
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CHAPTER   I. 


THE    ENERGY    SPECTRUM. 

Light  waves  carry  energy  with  them.  Every  source  of  light 
is  radiating  energy,  and  this  energy  is  being  absorbed  and  con- 
verted into  heat  by  the  objects  on  which  the  rays  strike. 

When  a  ray  of  white  light  falls  upon  a  prism  a  spectrum  is 
produced.  Part  of  the  energy  of  the  original  ray  is  reflected  at 
the  surfaces  of  the  prism,  part  is  absorbed  in  the  prism  and  the 
rest  is  spread  over  the  different  colours  of  the  spectrum.  Sup- 
pose that  the  spectrum  is  received  on  a  screen  and  we  fix  our 
attention  upon  that  portion  of  it  bounded  by  the  wave-lengths 
/  and  h+dL  The  rays,  the  wave-lengths  of  which  lie  between 
1.  and  A+(?A,  bring  every  second  a  certain  amount  of  energy  to 
the  screen  ;  let  this  amount  of  energy  be  denoted  by  EA  dL 
EA  is  a  function  of  L  The  total  energy  arriving  per  second  on 
the  screen  is^E^A,  tlie  integration  being  carried  out  over  the 
whole  spectrum. 

This  function  EA  is  very  important  in  the  theory  of  the 
efficiency  of  light  sources,  and  it  is  necessary  to  consider  how 
the  variation  of  Ex  with  A  can  be  determined  experimentally. 
The  brightness  of  the  different  parts  of  the  spectrum  as 
estimated  by  the  eye  is  of  no  use,  for  the  sensitiveness  of  the 
eye  to  different  colours  is  by  no  means  the  same.  The  light 
energy  of  the  different  colours  must  be  turned  into  heat  and 
the  quantity  of  heat  measured.  Four  different  instruments 
may  be  used  for  this  purpose — the  thermopile,  the  bolometer, 
the  radiometer  and  the  radiomicrometer.  These  instruments 
and  the  methods  of  working  with  them  are  fully  described  in 
Kayser's  "  Spectroscopie,"  Vol.  I.,  Chapters  V.  and  VI.,  and 
S.L.P.  B 
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in  Baly's  "  Spectroscopy,"  Chapter  VIII.  There  is  also  am 
extremely  important  article  in  the  publications  of  the  Bureau 
of  Standards  ("  Instruments  and  Methods  of  Radiometry," 
W.  W.  Coblentz,  Bull.  Bureau  of  Standards,  4,  p.  391,  1908) 
in  which  the  relative  advantages  of  the  four  methods  are  dis- 
cussed both  from  the  literature  of  the  subject  and  as  a  result 
of  tests  made  by  the  author.  The  radiometer  has  been  used 
chiefly  by  E.  L.  Nichols  and  his  pupils  in  America.  It  and  the 
radiomicrometer  possess  the  advantage  that  they  do  not 
require  galvanometers  and  the  disadvantage  that  they  cannot 
be  moved  during  the  set  of  observations.  Here  I  shall  mention 
only  a  few  points  about  the  thermopile  and  radiomicrometer,. 
of  which  instruments  good  types  are  on  the  market  in  this 
country.  (Cambridge  Scientific  Instrument  Co.;  Keiser  & 
Schmidt,  Berlin- Charlottenburg.) 

The  Rubens  linear  thermopile  is  made  of  iron  and  con- 
stantan  wire  of  diameter  0-1  mm.  to  0-15  mm.  It  has  a  resis- 
tance of  about  4  ohms.  Constantan  is  an  alloy  consisting  of 
60  per  cent.  Cu  and  40  per  cent.  Ni.  There  are  20  junctions 
arranged  on  a  length  of  2  cm.  for  receiving  the  light,  and,  of 
course,  another  20  unexposed  junctions.  The  junctions  are 
soldered  with  beads  of  silver,  which  are  flattened  into  discs 
of  about  1  mm.  diameter,  so  as  to  present  a  large  surface  to  the 
rays.  For  mapping  energy  curves  the  thermopile  is  mounted 
in  the  telescope  of  a  spectroscope,  just  behind  the  focal  plane 
of  the  latter,  and  there  are  shutters  in  that  plane  for  regulating 
the  width  of  spectrum  that  is  to  be  admitted  to  the  thermopile. 
Wires  lead  from  the  thermopile  to  the  galvanometer.  When 
plotting  an  energy  curve — i.e.,  determining  the  function  Ex — 
the  source  of  light  is  focused  on  the  slit  and  a  screen  placed 
before  the  latter.  The  screen  is  then  removed  and  the  galvano- 
meter deflection  noted.  The  operation  is  then  repeated  for 
other  points  in  the  spectrum.  The  galvanometer  deflections 
do  not  give  E*.  directly ;  the  "  slit  width  "  correction  must 
first  of  all  be  made.  Owing  to  the  fact  that  the  dispersion  of 
the  prism  is  not  normal,  the  range  of  wave-lengths  falling  on 
the  thermopile  at  different  points  in  the  spectrum — i.e.,  dh — 
is  not  always  the  same.  As  the  deflections  are  proportional 
to  EA.CU,  in  order  to  obtain  the  variation  of  E^  we  must  allow 
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for  the  variation  of  dL  To  do  this  we  draw  the  calibration 
curve  of  the  spectroscope — that  is,  plot  s,  the  telescope  reading 
in  angular  measure  in  terms  of  L  If  we  then  determine 

-TJ  and  multiply  the   deflections  by  j^,  the   result    will    be 

proportional  to  Ex. 

Another  correction  must  be  made  before  the  energy  curve 
is  obtained.  The  absorption  of  light  in  the  instrument  must 
be  corrected  for.  Glass  absorbs  all  wave-lengths  greater  than 
3fj. ;  but  if  a  glass  prism  and  glass  lenses  be  used,  the  deflec- 
tions are  influenced  by  the  absorption  of  the  glass  from  2/*  on. 
An  energy  curve  cannot  be  plotted  beyond  3/z  with  a  glass 
prism  and  lenses,  and  if  the  region  2/A— 3/x,  is  to  be  determined, 
the  absorption  of  the  glass  must  be  allowed  for.  Quartz  trans- 
mits much  farther  into  the  infra-red  and  ultra-violet  than  glass 
does  ;  but  for  the  infra-red  region  rock  salt  and  fluorite  are  the 
most  suitable  materials  for  the  prism  and  lenses.  The  absorp- 
tion of  the  aqueous  vapour  and  carbon  dioxide  in  the  atmo- 
sphere must  be  allowed  for ;  at  certain  wave-lengths  it  in- 
fluences the  deflections  appreciably.  It  is  better  to  use  mirrors 
in  the  spectroscope  than  lenses ;  all  metals  reflect  infra-red  rays 
well,  and  the  focal  length  of  a  mirror  being  independent  of  the 
wave-length,  there  is  no  trouble  in  focusing  the  thermopile. 

In  the  radiomicrometer  we  have  both  thermopile  and  gal- 
vanometer combined.  It  consists  of  a  single  loop  of  wire  with 
a  thermo- junction  at  one  end  suspended  between  the  poles  of 
a  magnet  by  a  quartz  fibre.  In  comparison  with  the  thermo- 
pile it  has  a  very  steady  zero,  but  its  sensitiveness  is  distinctly 
less  than  that  of  the  latter  when  connected  with  a  low-resis- 
tance Du  Bois  Rubens  galvanometer,  which  has  a  resistance 
of  10  ohms  and  a  sensitiveness  of  3  x  10"10  amperes/J  mm.  at 
1  metre  distance  for  a  period  of  5  seconds.  As  the  radio- 
micrometer  cannot  be  moved,  the  spectroscope  telescope  used 
with  it  must  remain  fixed. 

Of  course,  it  is  only  the  strongest  sources  of  light,  of  which 
the  energy  curves  can  be  determined  directly  with  a  thermo- 
pile or  similar  instrument.  The  light  radiation  from  the 
brightest  sodium  flame  produced  by  a  bunsen  burner  would  not 
produce  a  readable  deflection.  If  the  energy  curve  of  a  weak 
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source  is  required,  the  latter  must  be  compared  with  a  strong 
source  by  a  spectrophotometer  in  the  visible  spectrum,  and  by 
a  photographic  method  in  the  ultra-violet,  and  the  energy 
curve  may  thus  be  determined  indirectly.  There  is  no  means 
of  determining  it  in  the  infra-red. 

The  most  satisfactory  way  of  determining  the  wave-length 
in  the  infra-red  is  to  calculate  it  from  the  index  of  refraction  of 
the  quartz  or  fluorite  prism,  or  to  place  a  very  thin  film  of 
water  before  the  slit  and  use  its  absorption  bands  as  reference 
points.  The  positions  of  the  latter  have  been  accurately 
determined.  The  methods  described  in  the  text  books — 
auxiliary  gratings  and  interference  bands — are  expensive,  or 
much  more  troublesome. 

Suppose,  now,  that  a  number  proportional  to  EA  is  plotted 
as  a  function  of  1.  from  end  to  end  of  the  spectrum.  If  we  wish 
to  find  what  proportion  of  the  total  energy  radiated  is  light, 
what  we  have  to  do  is  to  erect  ordinates  at  0410/x  and  0-760/x, 
the  commonly  accepted  ends  of  the  visible  spectrum,  and  find 
the  ratio  of  the  area  included  between  these  ordinates  to  the 
area  of  the  whole  curve.-  E.  L.  Nichols  has  named  this  ratio 
the  radiant  efficiency  of  the  source.  At  the  same  time  he  has 
introduced  another  quantity,  the  luminous  efficiency  of  the 
light  source.  This  is  defined  to  be  the  ratio  of  the  total  energy 
radiated  per  second  as  light  to  the  total  energy  consumed  per 
second  by  the  source. 

Let  Q  =  total  electrical  energy  consumed  per  second,  R  the 
total  energy  radiated  per  second,  and  L  the  +otal  luminous 
energy  radiated  per  second  ;  then 

L/Q  = luminous  efficiency  and 
L/R= radiant  efficiency,  of  the  lamp. 

In  the  case  of  an  electric  glow  lamp  the  total  energy  con- 
sumed per  second  can  be  easily  found  from  the  current  and  the 
difference  of  potential  between  the  terminals  of  the  lamp.  In 
the  case  of  a  gas  flame  we  require  to  know  the  total  quantity 
•of  gas  consumed  per  second  and  the  amount  of  chemical  energy 
liberated  by  the  combustion  of  unit  mass  of  gas.  The  luminous 
•efficiency  is  always  less  than  the  radiant  efficiency.  If  the 
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energy  not  radiated  were  zero — that  is,  if  there  were  no  con- 
duction and  convection  losses — they  would  have  the  same 
value.  Both  quantities  are  extremely  useful  in  the  discussion 
of  the  performance  of  a  light  source. 

A  glass  cell  1  cm.  thick  filled  with  water  stops  all  wave- 
lengths greater  than  1-4^,  entirely,  and  absorbs  the  infra-red 
between  l-4/>t  and  the  visible  spectrum  considerably,  but  does 
not  absorb  the  visible  spectrum  appreciably.  The  energy  in 
the  ultra-violet  of  the  common  light  sources  is  very  small 
indeed,  and  may  be  neglected  in  comparison  with  the  light 
energy.  Hence,  in  order  to  separate  the  light  from  the  dark 
heat,  it  used  to  be  the  practice  to  pass  the  rays  through  a  water 
filter  or  through  a  solution  of  alum.  But  a  water  filter  trans- 
mits much  dark  heat  as  well  as  light,  and  if  we  attempt  to 
determine  the  radiant  efficiency  by  taking  the  deflections  of  a 
thermopile  with  and  without  a  water  filter  before  it  the  value 
we  obtain  is  much  too  high.  Some  experimenters  have 
attempted  to  correct  for  the  dark  heat  transmitted  by  the  water 
by  means  of  solutions  of  iodine  in  carbon  disulphide,  which 
were  supposed  to  absorb  all  the  light  and  nothing  but  the  light. 
The  utter  untrustworthiness  of  this  correction  has,  however, 
been  demonstrated  by  E.  L.  Nichols  and  W.  W.  Coblentz. 
("  On  Methods  of  Measuring  Radiant  Efficiencies,"  Phys. 
Rev.,  17,  1903,  p.  267.)  Even  if  we  use  the  correction  the 
values  of  the  radiant  efficiency  are  still  too  high.  Aqueous 
solutions  of  ferrous  ammonium  sulphate  have  recently  been 
suggested  as  a  means  of  separating  the  light  from  the  dark  heat. 
But  it  has  been  shown  (R.  A.  Houstoun  and  J.  Logic,  Phys. 
Zs.,  11,  p.  672)  that  though  they  are  considerably  better  in 
this  respect  than  water  filters,  yet  they  are  not  good  enough  to 
afford  us  a  satisfactory  method  of  determining  the  radiant 
efficiency.  It  should  be  noted  that,  in  spite  of  the  widespread 
opinion  to  the  contrary,  alum  solutions  do  not  absorb  dark  heat 
any  better  than  water  does. 

Almost  all  the  accurate  determinations  of  radiant  efficiency 
yet  omade  have  been  carried  out  by  a  method  introduced  by 
K.  Angstrom,  which  will  be  described  later.  I  have  recently 
determined  ("  The  Efficiency  of  Metallic  Filament  Lamps," 
Proc.  Roy.  Soc.,  Edin.,  Vol.  30,  p.  555,  1910)  the  radiant  effi- 
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ciency  of  some  metallic  filament  lamps  by  a  method  which,  to 
me  at  least,  seems  preferable.  The  radiation  was  first  measured 
in  the  usual  way  by  a  thermopile  and  galvanometer  with  and 
without  a  1  cm.  thick  water  filter,  and  the  fraction  of  the  total 
radiation  transmitted  through  the  filter  determined  (F).  The 
light  was  then  focused  on  the  slit  of  a  spectroscope  through  the 
same  water  filter  and  an  energy  curve  taken.  The  deflections 
were  plotted  against  the  scale  readings  and  an  ordinate  set 
up  at  0-76yLt.  The  area  on  the  side  of  shorter  wave-lengths 
divided  by  the  whole  area  then  gave  the  ratio  (/)  of  light  trans- 
mitted by  the  filter  to  the  total  radiation  transmitted.  It  was 
then  only  necessary  to  find  what  fraction  of  the  incident  light 
was  transmitted  by  the  water  cell.  This  was  done  with  a 
spectrophotometer  for  four  different  points  in  the  spectrum,  and 
the  value  found,  0-84,  was  the  same  for  each  point.  The 
radiant  efficiency  was  then  F//0-84. 

The  determination  of  luminous  efficiency  is  much  more 
difficult.     It  was  the  luminous  efficiency  that  was  aimed  at  by 
the  old  calorimetric  method  of  measuring  the  efficiency  of  a 
glow  lamp.     The  lamp  was  placed  in  a  glass  calorimeter  and 
then  in  a  similar  copper  one,  and  from  the  rise  of  temperature 
in  the  two  cases,  with  various  corrections,  the  ratio  of  the  energy 
radiated  as  light  to  the  whole  energy  supplied  could  be  cal- 
culated.    The  heat  lost  by  convection  and  conduction  went  to 
raise  the  temperature  in  both  cases.     But  the  method  is  in 
principle  bad  ;   the  whole  energy  and  the  dark  heat  are  mea- 
sured and  the  light  is  obtained  as  the  difference  of  two  much 
larger  quantities,  both  subject  to  considerable  error  of  observa- 
tion.    Also,  as  has  been  already  mentioned,  water  does  not 
absorb  all  the  dark  heat,  and  hence  some  escapes  from  the  glass 
calorimeter.     If  we  wish  to  determine  the  luminous  efficiency 
we  must  first  of  all  determine  the  radiant  efficiency ;  we  must 
then  find  the  total  rate  at  which  energy  is  being  consumed  by 
the  source,  and  we  must  finally  determine  the  total  energy 
radiated  per  second.     The  neatest  way  of  finding  the  energy 
radiated  per  second  in  any  one  direction   is  by  some  such 
instrument  as  Angstrom's  pyrheliometer.     To  find  the  total 
energy  radiated  per  second  it  is  necessary  to  find  the  energy 
radiated  in  different  directions  and  to  integrate  over  the  sphere. 
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So  far  we  have  considered  light  solely  from  the  objective 
standpoint.  It  is  now  necessary  to  consider  it  in  relation  to 
the  eye.  The  same  quantity  of  energy  in  different  parts  of  the 
spectrum  does  not  produce  the  same  intensity  of  sensation  in 
the  eye.  The  well-known  curve  shown  in  Fig.  1,  taken  by  Sir 
Wm.  Abney,  illustrates  this.  The  brightness  of  the  different 
•colours  of  the  spectrum  of  the  crater  of  the  arc  was  compared 
in  turn  with  the  brightness  of  a  white  light,  which  could  be 
varied  by  a  rotating  sector.  The  ordinates  of  the  curve  are 
obtained  in  this  way,  and  are  proportional  to  the  brightness 
or  luminosity  of  the  part  of  the  spectrum  in  question  as 
seen  by  a  normal  eye.  If  we  took  an  energy  curve  of  the 
arc  crater  with  the  same  prism  and  lenses,  plotted  it  on  the 
same  diagram  and  divided  the  ordinates  of  the  energy  curve 
by  the  ordinates  of  the  luminosity  curve,  the  quotient  would 
be  proportional  to  the  quantity  of 
energy  necessary  to  produce  the 
same  luminosity  at  different 
points  in  the  spectrum.  It  varies 
widely  throughout  the  spectrum, 
having  a  minimum  at  510  /x/z, 
for  low  intensities  and  increas- 
ing rapidly  on  both  sides  of  this 
minimum.  At  410  /x//,  it  has  then 
-a  value  roughly  50  times  the 

minimum  value,  and  at  610  /*/*  one  roughly  40  times  the 
minimum  value.  According  to  P.  G.  Nutting  ("  The  Lumi- 
nous Equivalent  of  Radiation,"  Bull.  Bureau  of  Stan- 
dards, 5,  p.  273,  1908) .  who  refers  to  the  reciprocal  of  this 
quotient  as  the  visibility  of  the  colour,  the  quotient  for  low 
intensities  has  the  form  eK^-A/n)3  for  the  normal  eye,  2.m  being 
the  wave-length  of  the  minimum  measured  in  10~~5  cm.,  and 
K  being  equal  to  4-5. 

For  higher  intensities  the  maximum  of  visibility  moves 
towards  the  yellow,  and  the  visibility  in  the  neighbourhood 
of  the  maximum  does  not  vary  so  much  with  colour.  At  low 
intensities  vision  seems  to  be  performed  by  the  retinal  rods 
alone,  and  at  higher  intensities  mainly  by  the  cones.  The 
transition  from  rod  to  cone  vision  is  very  gradual ;  they  are 
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about  equally  in  play  at  ordinary  working  intensities.  It  is 
the  transition  from  rod  to  cone  vision  that  displaces  the 
maximum  of  visibility  with  increase  of  intensity. 

As  the  brightness  of  the  light  produced  depends  not  only  on 
the  energy  of  the  radiation,  but  also  on  its  colour,  luminous 
efficiency,  as  we  have  defined  it,  has  no  direct  connection  with 
efficiency  as  ordinarily  understood  in  connection  with  artificial 
illuminants.  One  source  which  radiates  more  energy  between 
410  up  and  760  ///*  than  another  may  have  that  radiation  dis- 
tributed so  disadvantageously  over  the  spectrum  that  it  gives 
less  light  than  the  other.  C.  E.  Guillaume  has,  therefore,  pro- 
posed to  specify  the  efficiency  by  multiplying  EA  for  every 
wave-length  by  the  "  visibility  "  for  that  wave-length,  taking 
the  maximum  visibility  in  the  spectrum  as  unity,  and  by 
dividing  the  quantity  thus  formed  by  the  total  power  supplied.* 


*  This  proposal  has  been  taken  up  by  C.  V.  Drysdale  ("  Illuminating 
Engineer,"  Vol.  I.,  1908)  and  H.  E.  Ives  (Trans,  of  Amer.  Illuminating 
Engineering  Society,  February,  1910).  Drysdale  proposes  the  name 
"  reduced  luminous  efficiency  "  for  the  quantity  obtained  by  multiplying 
the  energy  radiated  per  wave-length  per  second  by  the  visibility  for  that 
wave-length,  integrating  throughout  the  spectrum  and  dividing  by  the 
energy  consumed  per  second  by  the  source,  the  maximum  visibility  in  the 
spectrum  being  taken  as  unity.  Reduced  luminous  efficiency  is,  then, 
proportional  to  candles  per  watt;  but  what  is  more,  it  expresses  the 
fraction  of  the  applied  energy,  which  would  be  sufficient  to  give  the  same 
quantity  of  light  had  all  the  energy  been  radiated  as  yellow-green  light. 
If  we  multiply  the  energy  radiated  per  wave-length  per  second  by  the 
visibility  for  that  wave-length,  integrate  throughout  the  spectrum,  and 
divide  by  the  total  energy  radiated,  we  obtain  the  "  reduced  radiant 
efficiency."  Much  the  best  way  of  determining  the  latter  will  be  to 
measure  the  fraction  of  the  radiation  transmitted  through  the  colour 
filter  which  I  describe  in  Chap.  XI. 

Ives  gives  the  following  values  for  reduced  radiant  efficiency  : — 

Hefner  lamp 0-0018 

"  4  watt  "  carbon  lamp     0-0043 

Black  body  at  6000°abs 0-156 

It  should  be  noted  that  Ives  has  also  introduced  another  term, "  day. 
light  efficiency  "  (Bull.  Bureau  of  Standards  6,  p.  231,  1910),  to  denote 
the  ratio  of  the  intensity  of  white  light  obtainable  from  any  source  by 
passing  it  through  a  suitably  coloured  screen  to  the  intensity  of  the 
original  source. 
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It  may  be  urged  against  this  proposal  that  the  visibility  of 
different  colours  is, not  very  well  known  yet,  and  that  in  watts 
per  candle  or  in  candles  per  watt  we  have  already  a  term  that 
conveys  Guillaume's  meaning.  Also  the  relative  visibility  of  the 
different  colours  varies  with  their  intensity ;  and  the  ordinary 
method  of  testing  lamps  on  the  photometric  bench  is  certainly  a 
much  shorter  and  more  accurate  method  for  getting  their  watts 
per  candle  than  the  one  suggested  in  Guillaume's  definition.  It 
seems  to  me,  therefore,  better  to  retain  the  old  way  of  speci- 
fying luminous  efficiency.  It  has,  in  addition,  the  merit  of 
simplicity. 

Various  observers  at  different  times  have  attempted  to 
determine  what  has  been  called  the  mechanical  equivalent  of 
light — namely,  how  much  energy  it  is  necessary  for  a  source 
to  radiate  per  second  in  order  to  produce  1  c.p.  of  light.  From 
the  foregoing  it  is  obvious  that  the  mechanical  equivalent  of 
light  must  vary  with  the  nature  of  the  source.  As  a  result  of  a 
recent  determination,  C.  V.  Drysdale  ("  On  Luminous  Efficiency 
and  the  Mechanical  Equivalent  of  Light,"  Proc.  Roy.  Soc., 
A,  80,  1907-08,  p.  19),  using  glow  lamps,  obtained  16-7  candles 
per  watt  for  yellow-green  light. 

The  visibility  is  greatest  for  green  light.  This,  conse- 
quently, is  the  cheapest  kind  of  light ;  but,  being  monochro- 
matic, it  is  of  no  use  for  the  purpose  of  discriminating  colour. 
The  ideal  illuminant  must  make  all  colours  appear  the  same  at 
night  as  by  day.  It  might  be  possible  to  make  a  creditable 
white  light  by  combining  two  monochromatic  sources,  but  for 
making  all  colours  appear  the  same  by  night  as  by  day  the 
illuminant  must  have  all  the  colours  of  the  spectrum  in  the 
same  proportion  as  average  sunlight.  Consequently,  we  arrive 
at  the  specification  of  the  energy  curve  of  the  perfect  artificial 
illuminant  after  which  technology  is  striving.  Throughout  the 
visible  spectrum  it  will  have  an  energy  curve  like  that  of  average 
sunlight  ;  the  energy  curve  will  cease  at  the  limits  of  the  visible 
spectrum. 

In  an  interesting  article  (Trans,  of  Amer.  Illuminating 
Engineering  Society,  April,  1910)  H.  E.  Ives  has  calculated  the 
energy  curve  of  sunlight  under  different  conditions,  using  all 
the  available  data,  and  finds  that  its  average  value  has  the 
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same  shape  as  the  curve  for  a  black  body  at  5000°abs.  He 
then  makes  the  interesting  and  important  statement  that  the 
maximum  of  this  curve  coincides  with  the  maximum  of  sensi- 
bility of  the  human  eye.  This  is  not  a  coincidence,  but  the 
result  of  adaptation  through  long  ages.  We  thus  have  a 
criterion  for  average  daylight  more  exact  than  could  be 
obtained  by  any  series  of  daylight  measurements,  no  matter 
how  large. 


CHAPTER  II. 


THE  BLACK  BODY. 

According  to  the  modem  view,  light  may  be  produced  in  two 
ways,  by  temperature  radiation  and  by  luminescence.  If  the 
source  is  emitting  light  merely  as  a  result  of  being  heated,  and 
if  it  is  not  suffering  any  chemical  change  in  the  process,  we  have 
a  case  of  temperature  radiation.  The  electric  glow  lamp,  the 
Nernst  filament  and  the  incandescent  mantle  belong  to  this 
class.  Here  the  electrons  which  emit  the  light  waves  are 
caused  to  vibrate  as  a  result  of  the  motion  of  the  molecule  as  a 
whole.  If,  on  the  other  hand,  light  is  produced,  not  as  a  result 
of  heat,  but  as  a  result  of  electric  energy  being  conveyed  to  the 
source,  or  as  a  result  of  chemical  energy  being  liberated,  we 
have  luminescence.  The  aurora  borealis,  the  vacuum  tube, 
the  light  given  off  by  phosphorus  in  the  dark,  are  all  cases  of 
luminescence.  In  these  cases  the  source  is  cold,  and  no  kinetic 
energy  is  given  to  the  atom  or  molecule  as  a  whole. 

Luminescence  has  not  been  studied  much  from  the  point  of 
view  of  the  energy  curve,  chiefly  on  account  of  experimental 
difficulties.  Temperature  radiation  has  been  studied  very  fully 
and  accounts  of  the  principal  facts  have  been  given  by  Kayser, 
Day  and  Van  Orstrand,  and  Waidner  and  Burgess.  (Kayser's 
"  Spectroscopie,"  Vol.  II.,  Chapters  I.  and  II.  Arthur  L.  Day 
and  C.  E.  Van  Orstrand,  "  The  Black  Body  and  the  Measure- 
ment of  Extreme  Temperatures,"  Astrophys.  J.,  19,  p.  1, 1904. 
0.  W.  Waidner  and  G.  K.  Burgess,  "  Optical  Pyrometry," 
Bull.  Bureau  of  Standards,  1,  p.  189,  1905.) 

In  1859  Kirchhoff  published  the  law  that  the  ratio  of  the 
radiating  power  to  the  absorbing  power  of  all  bodies  is  the  same 
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and  a  function  of  the  wave-length  and  the  temperature.  By 
the  radiating  power  of  a  body  is  meant  the  quantity  of  heat 
radiated  from  unit  area  of  its  surface  in  unit  time  ;  by  the 
absorbing  power  is  meant  that  fraction  of  the  energy  incident 
on  the  surface  which  is  absorbed  by  the  body. 

The  law  may  be  proved  for  one  particular  case  as  follows  : 
Let  CDFB,  GJHK '(Fig.  2)  be  pieces  of  two  bodies.  They 
have  the  form  of  slabs  extending  to  infinity  on  all  sides.  Let 
the  faces  CB,  JK,  which  are  turned  away  from  one  another,  be 
impervious  to  heat.  Let  E1?  ^  denote  the  radiating  power 
and  absorbing  power  of  the  body  on  the  left,  and  E2,  A2  the 
radiating  power  and  absorbing  power  of  the  body  on  the  right. 
Suppose  that  there  is  equilibrium  of  temperature  between 
the  two  bodies.  Then  each  receives  as  much  heat  as  it  radiates. 
From  the  shape  of  the  bodies  it  is  evident  that  the  radiation  from 
each  must  be  normal  to  their  surfaces. 
v\  Q  It  is  sufficient,  therefore,  to  consider 

^T*  ^  the  unit  area  of  the  one  surface  and 

the  unit    area   of   the   other    surface 
opposite  it.     Consider   the  energy  Ej, 
originally  emitted  from  1.      AoEj    is 
absorbed    by    2,    (1— A^E!  reflected. 
F       H^^K      Of    the  reflected    energy  (l-A^A^ 
FIG.  2.  is    absorbed    by    1,    (1-A2)(1-A1)E1 

reflected.     Of  this  (1-A2)(1-A1)A2E1 

is  absorbed  by  2,  and  so  on.  It  is  easy  to  see  that  the  quantity 
absorbed  by  1  is 

(1-A2)A1E1+(1-A2)2(1-A1)A1E1 

+(1-A2)3(1-A1)2A1E1  .  .  . 


and  the  quantity  absorbed  by  2  is 

A2E1+(1-A1)(1-A2)A2E1+(1-A1)2(1-A2)2A2E1  .  .  . 
A2Et 
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If  we  interchange  the  suffixes  we  obtain  the  quantity  of  the 
energy  E2  that  is  absorbed  by  1.     It  is 


The  total  quantity  of  energy  absorbed  by  1  is 


_(1-A2)A1E1+A1E2 

Aj_  ~f-  A£ 

This  must  equal  Er     Therefore 


Hence  A^ 

or  Ei/A 

which  proves  the  proposition. 

The  only  form  of  energy  considered  by  the  proof  is  heat. 
Hence  the  above  quantitative  relation  holds  only  for  tem- 
perature radiation.  The  body  must  radiate  solely  on  account 
of  its  high  temperature,  and  not  in  virtue  of  electromagnetic 
energy  received  or  of  chemical  energy  liberated.  Under  this 
limitation  the  law  is  universally  accepted  as  true.  Numerous 
facts  point  to  its  truth,  and  Paschen  has  verified  it  quanti- 
tatively. How  far  it  holds  for  luminescence  is  not  known. 

A  very  important  result  follows  at  once  from  the  law.  A 
body  cannot  emit  those  rays  which  it  totally  reflects,  or  for 
which  it  is  perfectly  transparent.  If  the  surface  of  the  body 
is  a  perfect  mirror,  all  the  incident  light  is  reflected,  none  is 
absorbed  and  A  is  equal  to  zero  ;  again,  if  the  body  is  trans- 
parent, the  intensity  of  the  light  is  not  altered  by  passing 
through  it,  and  A  is  again  equal  to  zero.  If  A  is  zero,  E  must 
also  be  zero. 

In  the  rigorous  proof  of  his  law  KirchhofE  introduced  the  idea 
of  a  perfectly  black  body.  A  perfectly  black  body  is  one  for 
which  A=l  ;  that  is,  one  which  absorbs  all  the  rays  which  fall 
upon  it.  Hence,  for  any  given  wave-length  and  temperature, 
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no  body  can  radiate  more  than  a  black  body.  None  of  the 
surfaces  which  we  are  accustomed  to  regard  as  black  is  black 
in  this  sense.  They  all  reflect  some  of  the  incident  light. 
Black  cloth,  for  example,  reflects  1-2  per  cent,  of  the  light  that 
falls  on  it,  and  black  velvet  04  per  cent.  Let  the  radiating 
power  of  the  black  body  be  denoted  by  S.  Then  E/A=S  ; 
S  gives  the  ratio  of  the  radiating  power  to  the  absorbing  power 
for  any  body,  and  is  a  function  of  the  wave-length  and  the 
temperature.  Kirchhoff  pointed  out  the  importance  of 
determining  the  function  S,  and  stated  that  it  would  un- 
doubtedly be  of  a  simple  form,  as  it  was  independent  of  the 
properties  of  any  particular  body.  S  is  sometimes  called 
Kirchhoff' s  function. 

It  would  be  extremely  difficult  to  measure  E  and  A  for  one 
particular  body  for  different  wave-lengths  and  thus  determine 
S,  for,  of  course,  A  would  have  to  be  measured  at  the  same 
temperature  as  E — that  is,  while  the  body  is  radiating.  Paschen 
commenced  a  series  of  researches  in  1892  with  the  purpose  of 
determining  S,  the  method  being  to  measure  E  for  a  series  of 
bodies  which  were  more  or  less  black.  Then,  if  these  bodies 
were  arranged  in  order  of  their  "  blackness,"  it  would  be 
possible  by  a  species  of  extrapolation  to  arrive  at  the  behaviour 
of  the  ideal  black  body.  Paschen  used  a  piece  of  platinum 
foil  folded  double,  in  the  fold  of  which  a  thermo-element  was 
placed  for  the  purpose  of  determining  its  temperature.  The 
foil  was  heated  by  a  current  from  a  secondary  battery,  and  was 
coated  with  the  substances  the  radiation  from  which  was  to  be 
examined.  The  radiation  was  measured  with  a  bolometer  ; 
the  spectral  apparatus  had  concave  mirrors  instead  of  lenses, 
and  the  prism  was  of  fluorite.  The  substances  used  were  carbon 
filaments,  platinum  foil,  platinum  foil  covered  with  iron  oxide, 
copper  oxide  and  soot.  They  all  behaved  pretty  much  the  same 
with  the  exception  of  platinum,  which  radiated  considerably  less. 

Meanwhile,  attempts  were  being  made  from  the  theoretical 
side  to  find  S  as  a  function  of  A  and  of  T,  the  absolute  tem- 
perature. In  1896  Wien  gave  the  following  expression  : — 
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which  was  afterwards  derived  by  Planck  in  another  manner. 
The  proofs  are  not  simple  and  are  not  quite  beyond  question. 

The  next  important  step  was  the  experimental  realisation 
of  the  perfectly  black  body  by  Lummer  and  Pringsheim.  A 
perfectly  black  body  is  one  that  absorbs  all  the  rays  that  fall 
on  it  and  reflects  none.  Consider  the  accompanying  diagram 
(Fig.  3).  It  represents  a  section  of  a  hollow  sphere  which  has 
a  small  opening  at  AB.  R  is  a  ray  which  enters  the  opening 
and  is  reflected  in  succession  at  C,  D,  E  and  F.  The  inside 
surface  of  the  sphere  is  blackened.  Only  a  small  portion  of  the 
energy  is  reflected  each  time,  the  greater  part  being  absorbed. 
The  hole  AB  is  of  such  a  size  that  the  chances  of  the  ray  finding 
its  way  out  again  are  very  small.  Light  falling  on  AB  is  prac- 
tically all  absorbed.  Consequently,  if  the  sphere  be  maintained 
at  a  uniform  temperature,  suffi- 
ciently high  to  make  its  inner 
surface  radiate  out  heat  appre- 
ciably, the  radiation  from  AB 
will  be  the  radiation  of  the 
black  body  for  that  tempera- 
ture, or  the  black  radiation  for 
that  temperature,  as  it  is 
called  Also,  if  any  body  be 
heated  inside  the  sphere  to  the 

temperature  of  the  latter,  the  radiation  issuing  from  its  sur- 
face through  the  opening  will  be  black  radiation. 

For  low  temperatures  double-walled  vessels  were  used,  the 
space  between  the  walls  being  filled  with  steam,  ice,  carbon 
dioxide,  snow  or  liquid  air,  so  as  to  keep  the  interior  at  a  uniform 
temperature.  The  radiation  escaped  by  means  of  a  tube.  For 
high  temperatures  an  electrically-heated  body  of  porcelain  was 
used. 

With  this  apparatus  Lummer  and  Pringsheim  first  proved 
Stefan's  law  for  the  black  body,  showing  that  the  radiation  was 
proportional  to  the  fourth  power  of  the  absolute  temperature. 
Then,  in  1899,  they  published  energy  curves  taken  with  ths  same 
radiators.  These  energy  curves  are  reproduced  in  the 
following  diagram  (Fig.  4). 

Thus  KirchhofTs  function  S  was  determined  as  a  function 
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of  "h  for  several  different  values  of  T.  Lummer  and  Prings- 
heim's  results  did  not  agree  so  well  with  Wien's  formula  as 
Paschen's  results  did,  and  further  investigation  showed  that 
Lummer  and  Pringsheim's  results  were  the  more  accurate.  As 
a  result  of  their  work  Planck  proposed  the  following  formula : — 


A5  ^ 


which  he  sought  to  justify  on  theoretical  grounds.  It  repre- 
sents the  experimental  results 
satisfactorily  within  the  error 
of  observation. 

Energy  Curves  of          Qn  comparing  Planck's  formula 

the  Black  Body. 


50- 


only  when  e^T  is  not  large  in 
comparison  with  1  that  they  differ 
appreciably  —  that  is,  only  for 
high  temperatures  and  large 
values  of  L  Wien's  formula  may 
thus  be  regarded  as  an  approxi- 
mate form  of  Planck's,  and  has 
the  advantage  of  simplicity. 
From  it  a  number  of  important 
results  about  black  body  radia- 
tion can  be  deduced. 


123456/*  We  have   S=c1h~5e      .      To 

FlQ  4>  find  for  what  values  of  2  S  is  a 

maximum  take  the  logarithm  of 
S,  differentiate  it  with  respect  to  A,  and  equate  to  zero. 

Log  S=log  cx-5  log  A.--, 


Hence  ^T=' 

Denote  the  value  of  A  corresponding  to  the  maximum  value  of 
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5  by  Aw.   When  T  is  measured  in  degrees  abs.  and  hm  in  10-4cm. 
c2= 14,500.     Therefore 

>llttT  =  2,900. 

As  the  temperature  increases  the  maximum  moves  towards  the 
visible  spectrum.  By  substituting  A,,,  in  the  expression  for  S, 
we  find  that  the  maximum  value  of  S  increases  as  the  fifth 
power  of  the  absolute  temperature.  S  always  increases  with 
temperature  for  every  value  of  A,  no  matter  on  which  side  of 
the  maximum  it  is.  c^ 

To  find  the  total  radiation,  integrate  h~5e^T  from  A=0  to 
4=30  .  The  integration  follows  easily  if  AT  is  put =1/6,  and 

6  is  regarded  as  the  variable.     The  result  is  6T4/<V-     This  is 
Stefan's  law.     It  holds  only  for  the  black  body  ;  Stefan  thought 
that  it  held  for  all  bodies. 

The  radiant  efficiency  may  be  found  by  integrating  S  between 
the  limits  Aj_  and  A2  and  substituting  the  values  for  the  ends  of 
the  visible  spectrum  ;  but  there  is  a  more  convenient  graphical 
method.  When  1/6  is  substituted  for  AT,  the  integral  takes 

the  form  cxT4 1  63e  °2  d6.     The  values  of  6  corresponding  to  the 

ends  of  the  spectrum  depend  on  the  value  of  T.  If  the  curve 
Q3e—C2o  ke  plotted,  if  ordinates  be  setupat  values  of  6  Corre- 
sponding to  the  ends  of  the  visible  spectrum  for  different  tem- 
peratures, and  if  the  areas  between  the  ordinates  be  deter- 
mined graphically  and  divided  by  the  area  of  the  whole  curve, 
then  we  obtain  the  values  of  the  radiant  efficiency  for  these 
temperatures.  The  following  results  have  been  obtained  in 
this  way  : — 

Abs.  temp.  Radiant  efficiency. 

1,000  0-0  per  cent. 

1,500  0-0 

2,000  1-7 

3,000 14-6 

4,000  31-8 

6,000  49-7 

8,000  47-7 

12,000  18-6 

Thus  7,000  deg.  abs.  gives  the  most  favourable  result.     Above 
this  the  intensity  maximum  moves  into  the  ultra-violet. 
S.L.P.  C 
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The  temperature  radiation  of  bodies  that  are  not  black 
follows  more  complicated  laws.  The  energy  curves  vary  all 
the  way  from  shapes  not  differing  widely  from  that  for  the  black 
body  to  curves  with  two  or  three  sharp  maxima.  The  wave- 
length of  maximum  intensity,  however,  always  decreases  as 
the  temperature  increases,  and  many  substances  which  radiate 
selectively  at  low  temperatures  become  similar  to  the  black 
body  at  high  temperatures.  Of  course,  no  body  can  radiate 
more  than  a  black  body  for  any  wave-length  and  temperature. 
The  metals  form  an  interesting  class,  and  an  attempt  has 
been  made  to  represent  their  energy  curves  by  formulae  of  the 
same  form  as  Wien's,  but  with  a  different  power  of  A  in  place 
of  the  ;~5.  ("  Eadiation  Constants  of  Metals,"  W.  W.  Coblentz. 
Bull.  Bureau  of  Standards,  5,  p.  339,  1909.)  At  ordinary  tem- 
peratures they  all  reflect  much  better  in  the  infra-red  than  in  the 
visible  spectrum  (Cf.  for  example  the  table  on  p.  102).  Hence 
their  absorbing  power,  and  consequently  their  radiating  power, 
is  less  in  the  infra-red.  This  selective  reflection  seems  to  persist 
at  high  temperatures,  and  the  energy  curves  resemble  the  black 
body  somewhat,  but  with  the  ordinates  on  the  infra-red  side 
of  the  maximum  diminished,  and  consequently  the  radiant 
efficiency  increased.  Lummer  and  Pringsheim's  curves,  re- 
presenting the  radiation  from  glowing  platinum  at  different 
temperatures,  are  given  by  the  diagram  on  the  next  page 
(Fig.  5).  The  total  radiation  from  platinum  varies  as  the 
fifth  power  of  the  absolute  temperature. 

The  theory  of  the  black  body  has  been  applied  in  three 
different  ways  to  the  measurement  of  temperature.  Tem- 
perature may  be  read  by  the  hydrogen  thermometer  up  to 
600°C.,  and  thence  by  the  nitrogen  thermometer  to  1,150°C. 
Beyond  this  it  is  customary  to  use  thermo-couples  which  have 
been  calibrated  as  far  as  the  gas  thermometers  go  and  to 
extrapolate  for  values  beyond.  Thermo-couples  are,  however, 
unsuitable  for  some  purposes,  and  in  any  case  they  cannot  be 
used  beyond  the  melting  point  of  platinum.  This  is  where 
optical  pyrometry  finds  its  use. 

The  first  optical  method  consists  in  finding  the  position  of 
}>m  and  applying  the  equation  AmT  =  2,900.  The  second  con- 
sists in  measuring  the  total  radiation  by  some  instrument  such 
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as  Fery's  thermo-electric  telescope  and  using  Stefan's  law,  or 
as  it  is  now  more  often  called  the  Stefan-Boltzmann  law.  In 
this  instrument  an  image  of  the  source  is  formed  on  a  thermo- 
couple by  a  concave  mirror,  and  the  instrument  is  calibrated 
by  pointing  it  at  two  sources  of  known  temperature.  The  third 
method  consists  in  measuring  the  brightness  of  the  source  for 
one  wave-length  in  the  visible  spectrum  and  calibrating  the 
photometer  by  means  of  two  sources  of  known  temperature. 

These  methods  give  relative  measurements  satisfactorily 
and  enable  one  to  reproduce  any  temperature  with  accuracy, 
which  is  all  that  is  required  for 
industrial  purposes  ;  but  they  must 
be  used  with  considerable  care  if 
absolute  measurements  are  re- 
quired. There  are  many  people 
in  possession  of  optical  pyrometers 
who  are,  unfortunately,  unaware 
of  the  limitations  of  their  instru- 
ment, and  have  too  profound  a 
faith  in  its  empirical  formula. 

All  three  methods  hold  in  the 
first  instance  only  for  the  black 
body.  The  first  method  holds 
also  for  a  "  grey  "  body — that  is, 
one  that  reflects  all  colours  equally 
well.  In  the  case  of  a  grey  body 
the  ordinates  of  the  energy  curve 
are  supposed  to  be  diminished  in 
the  same  ratio  all  over  and  the 
position  of  the  maximum  is  un- 
altered. The  first  method  is,  however,  not  so  accurate  as  the 
other  two,  for  the  position  of  the  maximum  cannot  be  easily 
determined.  The  last  two  methods  if  applied  indiscriminately 
will  not  give  the  true  temperature  of  a  body,  but  its  "  black" 
temperature — that  is,  the  temperature  of  a  black  body  which 
would  have  the  same  total  radiation,  or  which  would  have 
the  same  brightness  for  the  wave-length  in  question. 

To  get  the  true  temperature  we  may  proceed  in  two  ways. 
On  the  first  method,  which  is  due  to  Lummer  and  Pringsheim, 
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the  scale  of  the  instrument  is  calibrated  by  using  glowing 
platinum  as  well  as  the  black  body.  We  thus  have  two 
determinations  of  the  temperature,  the  second  value  being 
that  which  the  body  would  have  if  it  had  the  same  properties 
as  platinum.  As  platinum  differs  widely  from  the  black  body 
as  a  radiator,  there  is  a  presumption  that  the  true  temperature 
of  the  body  will  lie  between  the  limits  thus  obtained.  On  the 
second  method,  the  body  is  placed  inside  a  sphere,  the  inner 
surface  of  which  is  a  good  reflector,  and  the  radiation  through 
a  hole  in  the  surface  examined.  The  radiation  from  the  body 
is  thus  increased  until  its  black  temperature  equals  its  true 
temperature. 

Optical  pyrometry  has  been  applied  to  the  determination  of 
the  temperature  of  the  sun,  and  values  somewhat  below 
6,000°C.  have  been  obtained  and  have  found  their  way  into 
the  text-books.  In  a  recent  paper  (Ann.  d.  Phys.  (4),  25, 
pp.  905-920,  1908),  Dr.  A.  Goldhammer,  however,  finds  its 
temperature  to  be  10,000°C.  If  the  sun  is  a  black  radiator  at 
6,000°C.,  according  to  the  table  given  above,  this  is  not 
far  from  its  most  economic  temperature.  As  has  been  men- 
tioned already,  it  is  not  the  sun  that  has  adapted  its  tempera- 
ture to  our  eyes,  but  our  eyes  which  have  suited  themselves  to 
the  sun  through  long  ages  of  evolution. 


CHAPTEE  III. 


FLAMES. 

Flames  are  the  simplest  and  historically  the  first  means  of 
producing  light.  When  or  how  prehistoric  man  first  learned 
the  use  of  fire  we  know  not.  The  ancient  Greeks  ascribed  a 
supernatural  origin  to  it  in  the  myth  of  Prometheus,  and  other 
lands  have  other  legends  ;  but  it  was  probably  obtained  at  first 
accidentally  by  a  spark  from  a  flint.  Be  that  as  it  may,  the 
mastery  and  use  of  fire  is  one  of  the  signs  that  distinguish  man 
from  the  brutes,  and  marks  the  first  stage  in  the  development 
of  the  artificial  light  of  to-day. 

As  different  stages  in  this  development  we  have  the  primitive 
pine  torch,  the  oil  lamp  of  the  ancients,  which  attained  a  great 
development  in  ancient  Rome,  the  rush  light  of  the  Middle  Ages, 
the  different  kinds  of  candle,  from  the  tallow  dip  to  the  modern 
paraffin  candle,  the  burning  whale,  seal  or  bear  fat  of  the 
Esquimaux,  the  Argand  lamp,  ordinary  coal  gas  and  acetylene 
gas.  In  all  these  cases  light  is  produced  in  substantially  the  same 
way — by  the  flame  formed  when  hydro-carbons  are  burned  in 
air.  The  spectra  produced  have  in  every  case  essentially  the 
same  character  ;  upon  the  continuous  spectrum  of  the  incan- 
descent carbon  particles  is  superimposed  the  discontinuous 
spectra  of  the  gaseous  products  of  combustion,  principally 
water  vapour  and  carbon  dioxide. 

To  gain  an  insight  into  the  mechanism  of  the  flame  we  shall 
therefore  study  as  a  typical  case  the  candle,  which  has  been 
made  the  subject  of  a  course  of  six  lectures  by  Faraday. 
("  The  Natural  History  of  a  Candle."  New  Edition.  London, 
1894,  Chatto  &  Windus.)  When  an  ordinary  paraffin  candle 
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is  burning,  a  cup  is  formed  at  the  foot  of  the  wick.  The  flame 
melts  the  paraffin  at  the  foot  of  the  wick,  while  the  air  moving 
upwards  by  the  force  of  the  current,  which  the  heat  of  the 
candle  produces,  keeps  the  sides  cool  and  prevents  the  edge 
from  melting.  The  fluid  in  the  cup  is  sucked  up  the  wick  by 
capillary  attraction.  After  travelling  up  the  wick  the  fluid 
vaporises  and  is  burned  as  a  vapour  in  the  flame,  the  heat  of 
combustion  vaporising  more  fluid  and  thus  maintaining  the 
flame.  The  flame  travels  down  the  wick  until  it  is  put  out  by 
the -fluid  in  the  cup.  The  top  of  the  wick  bends  over  and  is 
consumed  in  the  edge  of  the  flame.  In  a  candle,  gas  is  manu- 
factured for  combustion  just  as  on  a  large  scale  in  the  gas  works 
of  our  cities. 

A  candle  flame  on  examination  is  seen  to  consist  of  four 
regions.  First  of  all  there  is  a  transparent  part  round  the 
wick.  It  may  be  shown  by  withdrawing  some  through  a  glass 
tube  that  the  transparent  part  consists  of  vapour  before  com- 
bustion. Below  this,  on  the  edge  of  the  flame,  there  is  a  blue 
part,  due  to  the  formation  of  carbon  monoxide.  This  blue 
part  gives  the  Swan  spectrum,  and  it  is  not  known  whether  the 
latter  is  due  to  carbon  or  carbon  monoxide.  There  is  recent 
work  favouring  both  views.  Above  the  transparent  part  is  the 
bright  opaque  region,  which  gives  far  the  greater  part  of  the 
light  of  the  flame,  and  finally  the  flame  is  surrounded  by  a 
faintly  luminous  mantle,  which  in  the  case  of  the  candle  is- 
somewhat  difficult  to  see.  The  chemical  actions  occurring  in 
the  different  regions  of  the  flame  are  complicated  and  not 
thoroughly  understood  ;  but  the  bright  part  is  due  to  incan- 
descent carbon  particles  from  the  vapour  after  its  decom- 
position, before  they  combine  with  the  oxygen  of  the  atmo- 
sphere to  form  carbon  dioxide.  These  bright  particles  are 
carried  upwards  by  the  air  current.  Smoke  is  due  to  the 
carbon  particles  not  having  sufficient  oxygen  to  combine 
with.  In  the  Bunsen  flame,  on  the  other  hand,  the  oxygen 
combines  with  the  carbon  before  the  latter  has  time  to  radiate 
as  a  solid. 

Energy  curves  of  flames  have  been  taken  by  G.  W.  Stewart 
("  The  Spectral  Energy  Curve  of  the  Acetylene  Flame," 
Phys.  Kev.,  16,  1903,  p.  123),  K.  Angstrom  ("Energy  in 
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the  Visible  Spectrum  of  the  Hefner  Standards,"  Phys.  Kev., 
17,  1903,  p.  302)  and  K.  Ladenburg  ("  Uber  die  Temperatur 
der  gliihenden  Kohlenstoffteilchen  leuchtender  Flammen," 
Phys.  Zs.,  7,  1906,  p.  697).  Stewart  gives  a  very  carefully 
taken  energy  curve  of  a  cylindrical  acetylene  flame.  The  light 
was  resolved  by  a  mirror  spectroscope  with  a  fluorite  prism, 
and  the  energy  measured  by  a  radiometer.  The  curve  is 
reproduced  below  (Fig.  6). 

The  elevations  at  146/x  and  1-90/x  are  emission  bands  of  the 
water  vapour,  and  the  maxima  at  2-6/x  and  4-4/x  emission  bands 
of  the  carbon  dioxide  in  the  flame,  the  remainder  of  the  area 
being  due  to  the  glowing  carbon.  Stewart  also  gives  the  energy 
curve  of  an  ordinary  gas  flame.  ("  The  Temperatures  and 


FIG.  6. 

Spectral  Energy  Curves  of  Luminous  Flames,"  Phys.  Kev., 
15,  1902,  p.  306.)  It  has  the  maximum  at  1-13/x.  Angstrom 
gives  a  prismatic  energy  curve  for  the  amyl  acetate  flame  of 
the  Hefner  lamp.  It  shows  the  two  emission  bands  of  carbon 
dioxide  very  clearly,  but  there  are  depressions  at  the  positions 
of  the  two  water  bands,  showing  that  more  energy  is  absorbed 
by  the  water  vapour  in  the  atmosphere  than  is  emitted  by  the 
water  vapour  in  the  flame.  Angstrom  uses  a  rock-salt  prism 
and  bolometer.  Ladenburg  gives  both  the  energy  curves  for 
the  acetylene  flame  and  the  Hefner  lamp,  taken  with  a  mirror 
spectroscope,  quartz  prism  and  thermopile,  but  not  so  far  into 
the  infra-red.  Both  his  curves  show  the  absorption  bands  of 
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water,  and  in  the  Hefner  lamp  curve  the  carbon  dioxide  band 
nearer  the  shorter  wave-lengths  —  the  only  carbon  dioxide  band 
shown  —  appears  as  an  absorption  band.  The  maximum  of  his 
acetylene  flame  is  at  1-21,  and  its  shape  does  not  agree  well 
with  Stewart's  curve. 

The  temperatures  of  the  acetylene,  gas  and  candle  flames  have 
been  measured  by  E.  L.  Nichols  ("  On  the  Temperature  of 
the  Acetylene  Flame,"  Phys.  Kev.,  10,  1900,  p.  234)  with  a 
platinum  platinum-rhodium  thermo-element.  The  introduc- 
tion of  a  thermo-element  into  the  flame  lowers  the  temperature 
of  the  flame.  Four  different  thermo-j  unctions  were  therefore 
used,  made  of  wires  of  different  diameter.  The  thinner  the 
wire  the  higher  was  the  temperature  recorded  ;  hence,  by 
plotting  the  temperature  as  a  function  of  the  diameter  of  the 
wire  and  continuing  the  curve,  he  found  what  temperature 
would  be  recorded  by  an  infinitely  thin  wire.  The  determina- 
tion was  also  complicated  by  soot  forming  on  the  junction  and 
lowering  its  temperature,  and,  in  the  case  of  acetylene,  by  the 
junction  melting.  The  thermo-element  was  gradually  pushed 
into  the  flame  and  the  readings  plotted  as  a  function  of  the 
distance  from  its  centre  until  the  junction  melted  or  soot  began 
to  form.  Then  the  portion  of  the  curve  found  was  simply 
produced  to  the  centre  of  the  flame.  In  this  way  the  centre 
of  the  luminous  region  of  the  acetylene  flame  was  estimated 
to  be  at  1,900°C.,  while  the  sheath  surrounding  the  luminous 
region  may  be  20°C.  higher.  The  luminous  region  of  the  gas 
flame  was  found  to  be  not  more  than  1,780°C.,  and  the  hottest 
portion  of  the  candle  flame  to  be  1,670°C.  From  the  diagram 
given  the  average  value  for  the  luminous  region  of  the  latter 
is  probably  100°C.  lower.  In  standardising  his  thermo- 
element Nichols  took  the  melting  point  of  platinum  as 
1,775°C. 

Assuming  that  the  carbon  in  flames  radiates  more  selec- 
tively than  a  black  body  and  less  selectively  than  platinum, 
and  using  the  formulae  established  by  Lummer  and  Pringsheim 
for  the  maximum  of  the  energy  curve  in  these  cases  —  namely, 


A,,.Tmta  =2,630, 
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we  obtain  the  following  results  : — 

^•IH  -Lruax.  J- inin. 

Candle    1-5      ; 1,687°C 1,477°C. 

Argandlamp 1-55    1,627°C 1,427°C. 

Acetylene  flame    ...       1-05    2,527°C 2,232°C. 

The  formulae  give  the  temperatures  in  degrees  abs.,  but  in  the 
table  they  are  expressed  in  degrees  cent.  Tmax  is  the  tem- 
perature which  the  flame  would  have  if  we  assume  that  it 
radiates  as  a  black  body,  Tmin  if  we  assume  that  it  radiates  as 
platinum. 

The  value  thus  obtained  for  the  temperature  of  the  acetylene 
flame  is  very  much  higher  than  Nichols'  value.  Stewart  states 
that  he  considers  it  much  too  high.  Kurlbaum  suggests  the 
•cause  of  the  difference  (Phys.  Zs.,  3,  1902,  p.  187).  While 
&  luminous  flame  of  very  great  thickness  may  be  expected  to 
radiate  as  a  black  body,  yet  we  may  expect  a  candle  flame  to 
radiate  as  a  very  thin  film  of  soot  at  that  temperature.  Now 
lamp  black  is  more  transparent  to  long  waves  than  short 
waves — i.e.,  the  absorption  and  radiation  increase  with 
decrease  of  wave-length.  Hence  on  applying  the  formula 
2.mT  =  const,  the  temperatures  obtained  will  be  too  high,  for 
the  maximum  will  be  much  farther  towards  the  short  wave- 
lengths than  in  the  case  of  a  black  body  at  the  same  tem- 
perature. Thus,  according  to  Kurlbaum,  the  radiation  of 
glowing  carbon  is  usually  more  selective  than  that  of  bright 
platinum. 

This  has  been  proved  by  Ladenburg  (loc.  cit.).  As  has  been 
already  stated,  he  took  an  energy  curve  of  the  acetylene  ilame 
and  of  the  Hefner  lamp.  He  then  caused  the  light  from  a 
Nernst  glower  to  pass  through  these  flames  and  plotted  the 
percentage  absorbed  as  a  function  of  the  wave-length,  thus 
determining  the  absorption  as  well  as  the  emission  of  the  flame. 
The  absorption  of  both  flames  increases  as  the  wave-length 
decreases.  If  now  we  divide  the  emission  by  the  absorption 
we  obtain  the  emission  of  the  theoretical  black  body  at  the 
same  temperature.  As  a  final  result,  Ladenburg  obtains 
1,838°C.  for  the  acetylene  flame  and  1,431°C.  for  the  Hefner 
flame.  He  states  that  Nichols'  value  of  the  melting  point  of 
platinum  is  55°C.  too  high.  The  latter' s  value  for  the  centre 
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of  the  flame  should  thus  be  1,845°C.,  which  is  in  very  good 
agreement  with  his  own. 

The  platinum  melting  point  is  now  supposed  to  be  about 
1,755°C.,  20°  lower  than  Nichols'  value. 

Stewart  (loc.  cit.)  finds  the  radiant  efficiency  of  the  acetylene 
flame  to  be  0-039.  The  result  was  obtained  by  dividing  the 
area  of  the  energy  curve  to  the  left  of  0-76/x  by  its  whole  area. 
K.  Angstrom  had  previously  found  it  to  be  0-055.  K.  Ang- 
strom has  also  made  a  very  careful  determination  of  the  radiant 
efficiency  of  the  Hefner  lamp  by  an  original  method.  He  first 
took  the  energy  curve,  and  found  that,  in  the  visible  spectrum 
and  in  the  infra-red  as  far  as  1-5/x,  it  agreed  with  the  curve  of  a 
certain  glow  lamp  for  one  particular  current.  By  means  of  a 
prism  and  screen  the  light  from  the  glow  lamp  was  separated 
from  its  heat  rays.  After  the  heat  rays  were  separated  out 
the  light  rays  were  allowed  to  come  together  again  and  fall  on 
one  face  of  a  wedge  photometer  on  the  other  face  of  which 
the  light  from  a  Hefner  lamp  fell,  and  the  distance  of  the  latter 
adjusted  until  balance  was  obtained.  The  photometer  was 
then  removed  and  a  bolometer  placed  in  exactly  the  same 
position.  The  intensities  of  the  two  beams  were  then  measured 
in  succession  by  the  bolometer ;  their  ratio  gave  the  radiant 
efficiency.  The  value  found  was  0-0096. 

For  an  oil  lamp  with  glass  funnel  W.  Wedding  finds  0-01  by 
the  water-filter  method. 

So  much  for  the  radiant  efficiency — the  ratio  of  light  emitted 
to  total  radiation.  But  the  question  arises  of  the  luminous 
efficiency — the  ratio  of  the  light  emitted  to  the  total  energy 
consumed.  In  order  to  determine  the  latter  we  require  the- 
total  radiation  in  absolute  measure,  the  rate  at  which  the  sub- 
stance is  being  burned  and  the  calorific  value  of  its  unit  mass. 
For  the  case  of  the  Hefner  lamp  the  ratio  of  the  whole  energy 
radiated  to  the  energy  consumed  has  been  calculated  by  0. 
Tumlirz,  and  we  take  the  following  details  from  his  article 
("Die  Warmestrahlung  der  Wasserstoffflamme,"  Wien. 
Ber.,  113  (Abt.  H.A),  1904,  pp.  501-509).  The  energy  received 
by  a  surface  element  at  a  distance  of  1  metre  from  a  Hefner 
lamp  is  1-62  10~3  gm.  cals.  per  square  centimetre  per  second, 
the  surface  element  being  normal  to  the  straight  line  joining 


FLAMES.  27 

it  to  the  flame  and  the  latter  line  being  horizontal.  K.  Ang- 
strom (loc.  cit.),  it  maybe  noted, found  2-15  10~5  gm.  cals.  per 
square  centimetre  per  second  for  the  same  quantity  by  means 
of  his  pyrheliometer.  Hence  in  a  second  the  flame  radiates 
4jr  Xl04x  1-62  10~5 =2-04  gm.  cals.  The  quantity  of  amyl 
acetate  burned  in  a  second  is  0-002678  gms.  According  to 
Favre  and  Silbermann  the  heat  of  combustion  of  1  gm.  of  amyl 
acetate  is  7,971-2  gm.  cals.  ;  hence  the  heat  given  out  by  the 
Hefner  lamp  in  one  second  is  7971-2  x  0-002678  =  21-35  gin. 
cals.  We  arrive,  therefore,  at  the  result  that  the  ratio  of 
energy  radiated  to  energy  consumed  is  2-04/21-35,  or  0-0956. 
The  greater  part  is  lost  by  convection.  If  we  assume  Ang- 
strom's value  for  the  radiant  efficiency,  namely,  0-0096,  the 
luminous  efficiency  becomes  0-0096x00956=0-00092;  that 
is,  the  efficiency  of  the  Hefner  lamp  as  an  energy  transformer 
is  less  than  one-tenth  per  cent.  There  is  no  reason  to  believe 
that  our  ordinary  illuminating  gas  is  any  better. 

In  the  same  article,  Tumlirz  describes  a. determination  of  the 
ratio  of  the  total  energy  radiated  to  the  energy  consumed  by  a 
hydrogen  flame.  The  value  found  was  0-0615. 


CHAPTER   IV. 


THE  WELSBACH  MANTLE. 

The  incandescent  gas  light  was  invented  by  Karl  Auerr 
Freiherr  von  Welsbach,  in  1885.  He  had  been  a  pupil  of 
Bunsen  at  Heidelberg,  and  before  the  invention  of  the  light 
had  made  a  thorough  study  of  the  rare  earths.  The  principle 
of  the  light  is  that  a  mantle  of  organic  material  is  impregnated 
with  a  mixture  of  thorium  oxide  and  cerium  oxide  in  the  pro- 
portion of  about  one  part  of  the  latter  to  99  parts  of  the  former  ; 
the  organic  material  is  then  burned  off,  the  oxides  remain  and 
are  heated  in  the  colourless  Bunsen  flame  until  they  radiate 
light.  It  is  known  that  Auer  von  Welsbach  did  not  come  upon 
the  discovery  suddenly,  but  that  lie  experimented  systemati- 
cally with  different  earths  in  order  to  get  a  mixture  which, 
when  heated  in  the  Bunsen  flame,  would  give  a  stronger  light 
than  its  components. 

On  its  appearance  the  Welsbach  mantle  created  quite  a  stir . 
in  the  scientific  world,  and  the  cause  of  its  brilliancy  was  very 
much  discussed.  It  follows  quite  simply  from  the  ordinary 
laws  of  temperature  radiation,  but  at  first  this  was  not  definitely 
known,  and  other  explanations  such  as  luminescence  and 
catalysis  were  forthcoming. 

It  was  assumed  that  the  Welsbach  mantle  radiated  more 
than  a  black  body  at  the  same  temperature,  and  that,  conse- 
quently, its  radiation  could  not  be  pure  temperature  radiation. 
Nichols  and  Snow  (Phil.  Mag.,  33,  1892,  p.  19)  had  found 
that  when  platinum  foil  was  covered  with  zinc  oxide  and  heated 
electrically  to  incandescence  its  light  was  very  strong  at  first, 
but  that  during  the  first  10  minutes  it  diminished  considerably, 
although  the  temperature  was  kept  constant.  Afterwards  the 
intensity  became  constant.  Hence  they  assumed  that  the  light 
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was  composed  of  two  parts  :  one  part  which  remained  con- 
stant, consisting  of  temperature  radiation,  and  another  part 
which  diminished  rapidly,  consisting  of  thermo-luminescence. 
The  source  of  the  energy  of  this  latter  part  was  to  be  found  in  a 
physical  or  chemical  change  in  the  incandescent  body,  such  as 
one  from  the  amorphous  to  the  crystalline  condition.  If  the 
Welsbach  mantle  were  thermo-luminescent,  we  would  thus 
have  not  only  an  explanation  of  its  high  luminosity  but  also 
of  the  diminution  of  its  intensity  with  time. 

But  an  experiment  described  by  H.  Bunte  ("  Uber  die  neure 
Entwickelung  der  Flammenbeleuchtung,"  Ber.  d.  Deutsch. 
Chem.  Ges.,  31.  1898,  p.  5)  showed  that  the  Welsbach  mixture 
did  not  radiate  more  than  a  black  body  at  the  same  tem- 
perature, and  that  there  was,  therefore,  no  necessity  to  assume 
that  it  was  luminescent.  A  tube  of  arc  lamp  carbon  which 
.could  be  heated  electrically  to  over  2,000°C.  was  used.  Mag- 
nesia prisms  were  taken,  and  faces  which  met  in  a  sharp  edge 
coated  with  different  substances — carbon,  magnesia,  thorium 
oxide,  cerium  oxide  and  Welsbach  mixture.  The  prisms  were 
then  heated  in  the  tube,  and  the  brightness  of  the  two  neigh- 
bouring surfaces  compared  by  looking  down  the  end.  There 
was  little  difference.  As  the  inside  of  the  tube  was  almost 
closed,  the  radiation  from  its  end  was  practically  radiation  from 
ja  black  body,  and  there  should  have  been  little  difference,  pro- 
vided that  the  radiation  from  the  prism  was  pure  temperature 
radiation.  It  would,  however,  have  been  otherwise  had  one 
of  the  substances  been  luminescent ;  hence  it  follows  that  the 
Welsbach  mixture  is  not  luminescent. 

Killing  had  maintained  that  the  high  luminosity  was  due  to 
catalysis,  and  Bunte  took  up  and  developed  this  idea.  If 
platinum  black  is  held  over  a  gas  jet,  the  issuing  gas  con- 
denses in  it  and  lights  up  immediately,  although  the  platinum 
is  only  at  the  temperature  of  the  room.  A  means  of  lighting 
the  gas  is  founded  on  this.  The  platinum  acts  as  a  catalytic 
agent  in  facilitating  the  combination  of  the  oxygen  in  the  air 
with  the  coal  gas.  Bunte  supposed  that  the  Welsbach  mixture 
has  somewhat  the  same  properties,  that  it  causes  the  gases  to 
combine  more  suddenly.  A  higher  temperature  is  therefore 
produced,  and  this  explains  the  increased  luminosity.  On  this 
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theory  the  diminution  of  the  intensity  with  time  was  due  to 
some  of  the  oxide  being  carried  away  by  the  gas  and  to  some 
of  it  sintering  with  dust  particles. 

Catalysis  is,  however,  not  the  true  explanation,  for  Le 
Chatelier  and  Boudouard  (C.R.,  126,  1898,  p.  1861)  showed 
that  when  the  Welsbach  mixture  was  heated  in  an  atmosphere 
of  the  gaseous  products  of  combustion  it  radiated  quite  as  well 
as  in  the  Bunsen  flame.  And  Nernst  and  Bose  (Phys.  Zs., 
1,  1900,  p.  289)  proved  the  same  result  by  heating  filaments 
of  the  mixture  electrically  and  in  the  Bunsen  burner,  and  show- 
ing that  the  radiation  was  the  same  in  both  cases  when  the 
temperature  was  the  same,  the  latter  being  measured  by  the 
electric  resistance  of  the  filament. 

The  question  was  finally  settled  in  an  article  by  Rubens  ; 
but  the  true  reason  for  the  high  luminosity  had  previously  been 
indicated  by  Le  Chatelier  and  Boudouard  (loc.  cit.)  and  also 
by  Nernst  and  Bose  (loc.  cit.).  Le  Chatelier  and  Boudouard 
first  showed  that  the  radiation  of  the  Welsbach  mixture  was 
less  than  that  of  a  black  body  at  the  same  temperature.  They 
then  took  a  thermo- junction,  the  junction  itself  being  disc 
shaped  and  of  a  diameter  of  1-5  mm.,  and  covered  it  in  suc- 
cession with  Welsbach  mixture,  thorium  oxide,  cerium  oxide, 
platinum,  magnetic  iron  oxide,  uranium  oxide  and  lanthanum 
oxide,  and  placed  it  each  time  in  the  same  part  of  the  same 
Bunsen  flame.  The  temperature  was  then  read  by  the  thermo- 
j  unction  and  the  brightness  compared  by  means  of  a  spectro- 
photometer  with  that  of  melting  platinum  for  points  in  the  red, 
green  and  blue.  The  results  are  given  in  the  following  table, 
the  brightness  of  melting  platinum  being  taken  as  100  in  each 
oase : — 


— 

Tem- 
perature. 

Red. 

Green. 

Blue. 

• 
Welsbach  mixture  
Thorium  oxide    .            . 

Deg.  Cent. 
1,380 
1,290 

7-0 
1-45 

12-5 
1-4 

12-5 
0-3 

Cerium  oxide    

1,110 

1-9 

0-7 

0-15 

Platinum  

1,290 

8-5 

4-0 

1-4 

Magnetic  iron  oxide  
Uranium  oxide  

1,080 
1,070 

1-5 

0-30 

0-48 
0-25 

0-1 
0-05 

Lanthanum  oxide    

1,250 

4-0 

3-1 

1-8 
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Two  striking  facts  are  brought  out  by  this  table.  First  of  all 
the  Welsbach  mixture  attains  a  temperature  300  deg.  higher 
than  a  similar  black  body  placed  in  the  same  circumstances, 
for  magnetic  iron  oxide  is  approximately  a  black  body.  Then 
the  relative  brightness  of  the  Welsbach  mixture  increases  from 
red  to  blue,  while  it  decreases  for  all  the  other  substances.  This 
high  emission  in  the  blue  is  also  brought  out  by  the  measure- 
ments of  Nernst  and  Bose. 

Now  the  substance  in  the  flame  is  in  a  state  of  thermal 
equilibrium.  It  receives,  mainly  by  conduction,  a  certain 
fixed  quantity  of  heat  per  second,  and  loses  it  by  radiation. 
The  quantity  radiated  increases  with  the  temperature.  Since 
the  temperature  of  equilibrium  of  the  Welsbach  mixture  is  so 
much  higher  than  that  of  magnetic  oxide,  the  Welsbach  mix- 
ture must  radiate  very  much  less  when  the  latter  is  at  the  same 
temperature.  In  comparison  with  the  other  substances,  the 
radiation  of  the  Welsbach  mixture  falls  off  as  we  enter  the 
infra-red.  We  are,  therefore,  led  to  the  conclusion  that  the 
high  luminosity  of  the  Welsbach  mantle  is  due  to  the  fact 
that  it  radiates  less  than  the  other  substances  in  the  infra- 
red. 

In  the  article  above  referred  to,  Rubens  ("  Uber  das  Emis- 
sionsspektrum  des  Auerbrenners,"  Ann.  d.  Phys.  (4),  18r 
1905,  p.  725)  took  a  complete  energy  curve  (a)  of  a  new  Wels- 
bach mantle,  the  glass  funnel  being  removed  to  avoid  absorp- 
tion in  the  glass.  The  mantle  was  suspended  from  above  in 
order  to  eliminate  the  radiation  from  the  stick  in  the  centre- 
About  70  points  were  taken  on  the  curve.  The  apparatus 
used  was  a  mirror  spectroscope  with  thermopile  ;  the  prisms 
were  of  fluorite  and  sylvin.  Then  an  energy  curve  (6)  of  the 
Bunsen  alone  was  taken,  and  finally  the  energy  curve  (c)  of  a 
mantle  that  had  been  dipped  in  ink  and  thus  covered  with  a 
thin  layer  of  iron  oxide.  When  heated  in  the  Bunsen  flame 
the  latter  mantle  reached  only  a  bright  red  heat.  The  three 
curves  are  given  in  Fig.  7. 

The  carbon  dioxide  bands  at  2-8/x  and  4-4/x  are  very  prominent. 
From  the  curves  it  is  evident  that  the  mantle  is  practically 
transparent  to  the  radiation  of  the  Bunsen  flame.  Hence,  by 
subtracting  (6)  from  (a),  we  get  the  radiation  from  the  mantle 
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alone.     This  is  represented  by  curve  (d),  in  which,  for  the  sake 
of  clearness,  the  vertical  scale  is  taken  twice  as  large. 

Kubens  then  determined  the  ratio  of  the  emission  of  the 
Welsbach  mantle  to  that  of  a  black  body  of  the  same  form 
which  was  at  the  same  temperature.  The  result  is  represented 
by  the  curve  (/),  and  we  see  at  a  glance  from  this  curve  why  it 
is  that  the  luminosity  of  the  mantle  is  so  high.  Taking  the 
limit  of  the  visible  spectrum  at  O7ju,  Kubens  finds  the  radiant 
efficiency  of  the  mantle  to  be  2  per  cent.  This  2  per  cent,  is, 
of  course,  extremely  effective  in  producing  the  sensation  of 
light,  owing  to  there  being  so  much  of  it  in  the  blue  and  green. 


10 


FIG.  7. 


It  is  necessary  that  the  proportion  of  thorium  and  cerium 
oxide  in  the  mantle  should  be  exactly  right ;  if  it  is  slightly 
varied  the  luminosity  of  the  mantle  becomes  much  less.  In 
order  to  discover  the  reason  for  this,  and  at  the  same  time  to 
investigate  the  respective  roles  played  by  the  two  oxides, 
Rubens  took  an  energy  curve  for  (g)  a  mantle  in  which  there 
was  pure  thorium  oxide  alone,  and  (h)  a  mantle  in  which  there 
was  pure  cerium  oxide  alone.  These  two  curves,  together  with  (a), 
are  reproduced  in  Fig.  8.  The  only  appreciable  difference  between 
(a)  and  (g)  is  in  the  visible  spectrum ;  the  shape  of  (h)  is,  how- 
ever, quite  different,  the  radiation  in  the  infra-red  being  much 
s  L.P.  D 
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greater  than  in  the  case  of  the  other  two  curves.  The  addition 
of  a  little  Ce203  to  the  Th02  seems,  therefore,  to  move  a 
maximum  into  the  visible  spectrum  without  affecting  the  rest 
of  the  curve,  and  to  act  in  somewhat  the  same  way  as  the 
sensitising  bath  in  the  photography  of  the  red  end  of  the 
spectrum,  while  the  addition  of  too  much  Ce200  increases  the 
infra-red  emission  and  lowers  the  temperature. 

In  a  later  article  ("  Emissionsvermogen  und  Temperatur 
des  Auerstrumpfs  bei  verschiedenem  Cergehalt,"  Ann.  d. 
Phys.  (4),  20, 1906,  p.  593)  Kubens  found  that  for  the  mantles 
he  used  the  best  proportion  of  Ce203  was  about  0-8  per  cent. 

Le  Chatelier  and  Boudouard  (loc.  cit.)  found  by  comparing 
the  brightness  of  some  Welsbach  mixture  on  their  thermopile 
with  the  brightness  of  a  mantle  burning  normally  that  the 


FIG.  8. 


temperature  of  the  latter  was  1,650°C.  In  the  first  article, 
referred  to  above,  Rubens  stated  that  the  average  temperature 
of  the  mantle  for  which  the  curve  (a)  was  given  was  1,527°C. 
As  objection  was  raised  to  the  accuracy  of  this  figure  by  Lummer 
and  Pringsheim  (Phys.  ZB.,  7,  1906,  p.  89  ;  p.  189)!!  he  made 
a  further  determination  (Phys.  Zs.,  7,  1906,  p.  186),  placing 
the  mantle  at  the  centre  of  a  hollow  sphere,  the  inside  of  which 
was  silvered,  and  measuring  the  "  black  "  temperature  of  the 
radiation  from  a  hole  in  the  side.  The  maximum  values  then 
found  for  a  number  of  mantles  varied  from  1,560°C.  to  1,590°C. 
It  is  interesting  to  compare  this  result  with  a  value  obtained 
recently  by  one  of  Rubens'  students  (Hans  Schmidt,  "  Prufing 
der  Strahlungsgesetze  der  Bunsenflamme,"  Ann.  d.  Phys. 
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(4),  29,  1909,  p.  971)  for  the  average  temperature  of  the  Bunsen 
flame  itself  2-5  cm.  above  the  'edge  of  the  burner.  He 
obtained  from  about  1,597°C.  for  the  centre  to  about  1,802°C. 
for  the  edge  ;  this  is  in  agreement  with  the  fact  that  very  fine 
platinum  wire  can  be  melted  in  the  Bunsen.  One  of  the 
previous  best  determinations  had  been  that  of  W.  J.  Waggener 
(Ann.  d.  Phys.  (3),  58,  1896,  p.  579),  who  used  thermopiles 
of  different  thickness  and  then  extrapolated  for  an  infinitely 
thin  thermopile.  His  value  was  1,785°C. 

It  is  said  that  the  diminution  in  intensity  of  the  mantle  with 
time  is  due  to  the  cerium  oxide  volatilising  more  rapidly  than 
the  thorium  oxide,  and  that,  in  order  to  counteract  this  ten- 
dency, makers  are  accustomed  to  put  in  rather  too  much  cerium 
at  first. 
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THE  CARBON  GLOW  LAMP. 

The  carbon  glow  lamp,  which  has  now  been  on  the  market 
for  30  years,  is  associated  principally  with  the  names  of 
Thomas  Alva  Edison  and  Joseph  Wilson  Swan.  It  consists, 
as  is  well  known,  of  a  carbon  filament  inside  an  exhausted 
bulb,  the  filament  being  heated  to  incandescence  by  the 
passage  of  an  electric  current.  The  bulb  is  exhausted  for  two 
reasons :  first,  to  prevent  chemical  action  between  the 
carbon  and  the  air,  and  second,  to  prevent  loss  of  heat  by 
conduction  from  the  filament  to  the  bulb,  and  thence  to  the 
outside  atmosphere.  The  lamp  would  not  be  nearly  so  efficient 
if  the  bulb  were  filled  with  hydrogen,  nitrogen  or  any  other 
gas  that  does  not  react  with  carbon.  This  has  been  shown 
in  an  interesting  investigation  by  L.  W.  Hartman  ("  The 
Conduction  Losses  from  Carbon  Filaments  when  heated  to 
Incandescence  in  Various  Gases,"  Phys.  Rev.,  20,  1905, 
p.  322).  He  mounted  a  glow  lamp  with  a  straight  filament  in 
front  of  a  platinum  oven,  the  temperature  of  which  could  be 
read  by  a  platinum  platinum-rhodium  thermo-element  en- 
closed in  some  magnesium  oxide.  The  current  in  the  lamp 
was  then  adjusted  until  the  filament  could  not  be  seen  against 
the  magnesium  oxide.  The  temperature  of  the  filament  was 
then  assumed  to  be  that  given  by  the  thermo-element,  and  the 
power  supplied  to  the  lamp  determined  for  a  range  of  tem- 
peratures. The  experiment  was  next  repeated  with  other 
lamps  filled  with  hydrogen,  carbon  dioxide  and  nitrogen  at 
atmospheric  prsssure.  The  results  in  the  case  of  the  carbon 
dioxide  were  not  so  good,  owing  to  its  reacting  with  the 


38  STUDIES  IN  LIGHT  PRODUCTION. 

filament ;  but  the  other  two  gases  gave  no  trouble.  As  an 
example  of  the  results  obtained  when  the  filament  was  main- 
tained at  1,400  deg.  abs.  temperature,  the  watts,  per  centi- 
metre of  filament,  supplied  in  the  different  cases  were  as  follows, 
the  Roman  numerals  referring  to  the  lamp  used  : — 

I.,  H 5-15  watts  per  centimetre. 

L,  C02  1-835 

II.,  C02  2-480 

III.,  H 5-90 

III.,  N 1-96 

III.,  Vacuum  0-81 

For  the  third  lamp  the  difference  from  the  last  figure  in  the 
column  must  give  the  power  lost  by  conduction.  The  radia- 
tion from  a  "  black  "  filament  of  the  same  dimensions  as  the 
filament  in  III.  was  calculated  to  be  1-014  watts  per  centimetre. 

Of  course,  the  method  used  gives  the  "  black  "  temperature 
of  the  filament,  but  only  approximately. 

As  a  material  for  films  carbon  possesses  two  great  advan- 
tages :  its  ability  to  stand  high  temperatures  and  its  high 
specific  resistance.  With  these  it  possesses  the  disadvantage 
that  after  a  time  a  black  deposit  forms  on  the  inside  of  the 
bulb  and  diminishes  the  candle-power  of  the  lamp.  This 
deposit  is  due  partly  to  carbon  particles  which  have  evapo- 
rated from  the  filament  and  partly  to  particles  which  have 
been  shot  off  from  it. 

There  are  many  different  ways  of  preparing  the  filament. 
Natural  fibres  may  be  used,  or  a  thread  formed  by  squirting 
a  viscous  solution  of  cotton  wool  in  zinc  chloride  through  a 
hole  in  the  side  of  a  vessel.  Before  the  filament  is  fixed  in  the 
bulb  it  is  often  subjected  to  a  process  called  flashing.  If  it  is 
rendered  incandescent  in  an  atmosphere  of  hydrocarbon  gas, 
the  heated  filament  decomposes  the  gas  and  a  deposit  of  carbon 
is  formed  upon  the  surface  of  the  filament.  According  to  its 
treatment,  the  filament  may  have  an  appearance  varying 
from  sooty  black  to  a  grey  or  brilliant  steel-like  lustre. 

In  addition  to  the  efficiency  and  life  tests  made  on  the 
photometric  bench  by  practical  men,  a  large  amount  of 
measuring  has  been  done  on  glow  lamps  in  physical  labora- 
tories. In  flames,  and  in  the  case  of  the  incandescent  gas 
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mantle,  one  of  the  conditions  is  prescribed — namely,  the 
temperature — but  in  the  glow  lamp  the  latter  can  be  easily 
varied.  It  may  also  be  assumed  to  be  a  definite  function  of  the 
voltage.  The  current,  voltage  and  radiation  can  be  easily 
measured.  It  is,  therefore,  not  to  be  wondered  at  that  different 
people  have  sought  to  establish  laws  connecting  these  quan- 
tities. For  example,  a  complete  theory  of  the  glow  lamp  has 
been  worked  out  by  H.  S.  Weber  ("A  General  Theory  of  the 
Glow  Lamp,"  Phys.  Rev.,  2,  1894,  p.  112  and  p.  197).  Then 
we  have  the  result  of  Prof.  A.  Jamieson  that  the  candle-power 
is  proportional  to  the  sixth  power  of  the  voltage,  and  certain 
relations  deduced  by  Abney  and  Festing  ("  An  Investigation 
into  the  Relations  between  Radiation,  Energy  and  Tempera- 
ture," Phil.  Mag.  (5),  16,  1883,  p.  224).  Such  results,  however, 
are  usually  correct  only  for  a  limited  range,  and  it  is  better 
to  state  results  by  comparison  with  the  perfectly  black  body, 
which,  of  course,  had  not  been  realised  experimentally  when 
these  investigations  were  carried  out. 

The  carbon  filament  may,  then,  be  regarded  as  an  approxi- 
mation to  the  perfectly  black  body.  For  any  wave-length 
and  temperature  it  will  always  radiate  less  than  the  latter; 
but,  like  the  latter,  when  the  temperature  is  increased,  the 
maximum  of  the  energy  curve  moves  towards  the  visible 
spectrum,  while  the  intensity  increases  at  every  wave-length 
in  the  visible  spectrum,  the  increase  being  much  more  rapid 
at  the  shorter  wave-lengths.  This  latter  fact  has  been  brought 
out  by  quite  a  number  of  spectrophotometric  researches.  The 
following  figures,  for  example,  are  taken  from  an  article  by 


— 

16  c.p.  carbon. 

25  c.p.  tantalum. 

30  c.p.  Nernst. 

Volts 

120 

100 

90 

82 

120 

100 

90 

82 

120 

100 

92 

|  Lamp  goes  out  |  |  § 

Amperes      

0-59 

0-48  0-43 

0-38 

0-35 

0-30 

0-28 

0-26 

0-34 

0-22 

0-17 

459  w  .  w  C 
488  ..S  1 
523  ..Sj 

570  ..%} 

638        ..  a 
760        ..M   L 

1-82 
1-76 
1-73 
1-73 
1-71 
1-60 

0-49 
0-53 
0-54 
0-56 
0-57 
0-59 

0-26 
0-28 
0-29 
0-32 
0-33 
0-37 

0-12 
0-15 
0-15 
0-16 
0-17 
0-20 

•46 
•39 
•33 
•31 
•31 
•22 

0-61 
0-62 
0-62 
0-63 
0-68 
0-72 

0-35  0-20 
0-36  0-20 
0-36  0-21 
0-381  0-22 
0-41  !  0-26 
0-47  0-30 

2-47 
2-35 
2-24 
2-04 
2-01 
1-82 

0-32 
0-32 
0-34 
0-37 
0-38 
0-42 

0-10 
0-10 
0-17 
0-18 
0-19 
0-23 

Mean  intensity. 

1-72 

0-55 

0-31 

0-16 

1-34 

0-64 

0-39 

0-23 

2-16 

0-36 

0-17 
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P.  Vaillant,  the  figures  from  the  same  source  for  the  tantalum 
and  Nernst  lamps  being  added  for  the  sake  of  comparison 
("  Sur  les  variations  avec  la  temperature  des  spectres  d' emis- 
sion de  quelques  lampes  electriques,"  C.E.  142,  1906,  p.  81)- 
For  each  wave-length  the  intensity  of  each  lamp  at  its  normal 
voltage  is  taken  as  unity.  The  normal  voltage  of  each  lamp 
was  110  volts. 

If  the  three  lamps  are  compared  at  their  normal  voltage,  their 
mean  intensities  being  made  equal,  'we  have 


X  in  Hf* 

459 

488 

523 

570 

638 

760 

TCarbon    

1-00 

1-00 

1-00 

1-00 

1-00 

1-00 

Intensity's  Tantalum    

1-28 

1-17 

1-03 

0-94 

0-78 

0-62 

1  Nernst     

0-92 

1-07 

1-04 

1-03 

1-02 

0-91 

The  similarity  of  the  carbon  filament  with  the  black 
body,  however,  must  not  be  pushed  too  far.  E.  L.  Nichols 
("The  Visible  Kadiation  from  Carbon,"  Phys.  Eev.,  13,  1901, 
pp.  65  and  129)  made  a  spectrophotometric  investigation  of 
carbon  rods  which  were  heated  by  an  electric  current  in  vacuo, 
the  temperatures  being  read  by  thermo-j  unctions  embedded 
in  the  rods  and  extrapolation  to  an  infinitely  thin  thermo- 
j unction,  and  he  found  that  above  1,100°C.,  relatively  to  the 
other  colours  on  both  sides,  the  intensity  of  the  yellow  increased 
much  more  rapidly  than  it  ought  to  have  done  had  the  law  of 
the  black  body  been  followed.  This  was  the  case  both  with 
untreated  carbons  with  black  surfaces  and  with  treated 
carbons  with  grey  surfaces.  The  carbons  exhibited,  there- 
fore, a  slight  selective  emission.  This  fact  has  been  confirmed 
by  Blaker  (Ernest  Blaker,  "  A  Spectrophotometric  Comparison 
of  the  Relative  Intensity  of  Light  from  Carbon  at  Different 
Temperatures,"  Phys.  Rev.,  13,  1901,  p.  345)  by  observations 
on  ordinary  carbon  glow  lamps. 

No  complete  normal  energy  curves  have  been  published  for  a 
carbon  filament  such  as  is  used  in  a  glow  lamp.  The  obvious 
difficulty  is  the  glass  of  the  bulb,  which  absorbs  the  infra-red 
beyond  3-0  //,.  Prismatic  energy  curves  of  a  glow  lamp  at 
different  voltages,  taken  with  a  glass  prism  and  linear  thermo- 
pile, have  been  given  by  Abney  and  Festing  ("  The  Relation 
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between  Electric  Energy  and  Radiation  in  the  Spectrum  of 
Incandescence  Lamps,"  Proc.  Roy.  Soc.,  37,  1884,  p.  157) f 
and  normal  energy  curves  have  been  given  by  Nichols,  who 
also  used  a  glass  prism  and  thermopile  ("  The  Distribution  of 
Energy  in  the  Spectrum  of  the  Glow  Lamp,"  Phys.  Rev., 
2,  1894,  p.  260).  Such  curves  have,  however,  not  so  much 
value,  because — as  I  know  from  experience — the  glass  in  the 
spectroscope  begins  to  distort  the  curve  a  considerable  way 
before  the  glass  of  the  bulb  makes  itself  felt. 

If  we  wish,  therefore,  to  study  the  distribution  of  the  energy 
of  radiation  of  glowing  carbon  from  end  to  end  of  the  spectrum, 
we  must  refer  to  an  article  by  Paschen  ("  Uber  Gesetzmas- 
sigkeiten  in  den  Spectren  fester  Korper,"  Ann.  d.  Phys.,  60r 
1897,  p.  662),  which  gives  figures  for  a  piece  of  platinum  foil 
coated  with  lamp-black,  for  three  pieces  of  graphitici  carbon 
in  an  exhausted  glass  bulb  with  a  fluorite  window,  and,  finally > 
for  one  of  these  pieces  of  carbon  taken  out  of  the  bulb  and 
radiating  in  the  free  atmosphere.  The  temperature  was  taken 
by  a  thermo-j  unction  embedded  in  the  carbon  or  placed  in  the 
fold  of  the  platinum  foil.  Two  prismatic  energy  curves  are 
also  given  by  K.  Angstrom  ("  Energy  in  the  Visible  Spectrum 
of  the  Hefner  Standard,"  Phys.  Rev.,  17,  1903,  p.  302)  for 
a  straight  filament  inside  a  glass  bulb  with  a  fluorite  window. 
He  shows  that  within  the  visible  spectrum  they  can  be  repre- 
sented by  Wien's  law,  the  black  temperature  of  the  normal 
voltage  being  1,730°C.  The  true  temperature  should  thus  be 
higher. 

In  the  articles  above  referred  to,  Nichols  was  not  able  to 
measure  the  temperature  of  his  carbon  rods  above  1,500°C. 
owing  to  the  carbon  combining  with  the  metals  of  the  thermo- 
element. Paschen  in  his  experiments  did  not  go  above 
1,300°C.  There  seems  to  be  thus  little  prospect  of  measuring 
the  temperature  in  a  filament  directly.  On  the  assumption 
that  the  radiating  properties  of  the  filament  lie  between  those 
of  the  perfect  black  body  and  of  platinum,  Lummer  and 
Pringsheim  ("  Temperaturbestimmung  fester  gliihender 
Korper,"  Verh.  d.  Deutsch.  Phys.  Ges.,  1,  1899,  p.  230) 
found  1,825°C.  and'  1,600°C.  as  the  limits  of  its  normal  tem- 
perature. The  method  used  was  that  of  determining  the 
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position  of  the  maximum  of  the  energy  curve.  Le  Chatelier 
("  Sur  la  mesure  optique  des  temperatures  elevees,"  Journal 
de  Physique  (3),  1,  p.  185)  gives  the  following  table,  showing 
the  increase  of  temperature  of  a  10-volt  carbon  lamp  with  the 
diminution  of  its  resistance  : — 


Temperature. 
15°C  

Resistance. 
1-00 

700°C. 

0-75 

1,000°C. 

0-66 

1,400°C  

0-57 

1,800°C. 

0-49 

2,100°C. 

0-44 

He  states  that  1,800°C.  is  the  temperature  of  glow  lamps  at 
their  usual  brightness,  and  that  they  can  be  overrun  to  2,100°C- 
These  results  are  obtained  with  his  optical  pyrometer  by  com- 
paring the  brightness  with  that  of  a  standard  lamp.  The 
pyrometer  uses  only  the  red  rays,  the  rest  being  cut  out  by 
red  glass.  Le  Chatelier  makes  no  correction  for  the  "  black- 
ness "  of  a  body.  His  values,  therefore,  should  be  some- 
what low. 

The  temperatures  of  a  carbon  lamp  and  a  metallised  carbon 
lamp  have  recently  been  determined  very  carefully  by  A.  C. 
Jolley  ("  Modern  Incandescent  Electric  Lamps,"  THE  ELEC- 
TRICIAN, Vol.  LXIIL,  pp.  700  and  755)  for  different  voltages. 
He  used  Stefan's  law  and  three  different  empirical  formulae. 
He  obtains  1,617°C.  as  a  mean  value  for  the  carbon,  and  1,676°C. 
as  a  mean  value  for  the  metallised  carbon  lamps  at  their  normal 
voltages.  I  cannot  help  feeling  that  these  values  are  too  low. 
Stefan's  law  gives,  of  course,  a  lower  limit,  the  black  body 
temperature,  and  I  think  the  true  temperature  should  differ 
more  from  the  Stefan's  law  temperature  than  Jolley's  values 
do.  But  we  shall  never  reach  finality  in  this  matter  until  we 
place  the  filament  inside  an  enclosure,  the  inside  surface  of 
which  is  a  mirror,  and  examine  the  radiation  through  an 
aperture.  Then  the  black  body  temperature  of  the  aperture 
will  be  the  true  temperature  of  the  filament. 

The  efficiency  of  glow  lamps  has  been  determined  by  the 
calorimetric  method  by  Merritt  ("  Some  Determinations  of 
the  Energy  of  the  Light  from  Incandescent  Lamps,"  Ernest 
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"Merritt,  Amer.  Journ.  of  Sc.  (3),  37,  1889,  p.  167)  and  by 
Russner  ("  Uber  die  Licht  und  Warmeenergie  von  Gliih- 
Hampen,"  Johannes  Russner,  Phys.  Zs.,  8,  1907,  p.  120). 
Jn  Merritt's  experiments  the  glow  lamp  was  placed  in  a  large 
glass  calorimeter,  through  which  a  steady  flow  of  water  was 
maintained.  From  the  quantity  of  water  which  passed  through 
in  a  given  time,  and  the  difference  in  its  temperature  before 
•entering  and  after  leaving,  the  amount  of  dark  heat  absorbed 
by  the  water  in  the  calorimeter  in  that  time  could  be  measured. 
'The  radiation  from  the  lamp  after  passing  through  the  water 
and  glass  of  the  calorimeter  was  allowed  to  fall  on  a  thermopile 
-and  the  deflections  of  the  galvanometer  noted.  A  small  cell 
^containing  an  opaque  solution  of  iodine  in  carbon  disulphide 
was  then  placed  between  the  pile  and  the  lamp  and  the  deflec- 
tion again  observed.  The  ratio  of  the  second  deflection  to  the 
first,  therefore,  gave  the  ratio  of  the  dark  heat  escaping  from 
the  calorimeter  to  the  total  radiant  energy  escaping.  It  was 
found  that  a  little  less  than  one-third  of  the  energy  that  had 
passed  through  the  glass  and  water  of  the  calorimeter  was  dark 
heat.  It  was  also  found  photometrically  that  from  25  to  30 
per  cent,  of  the  light  of  the  lamp  was  absorbed  by  the  calori- 
meter. Hence  the  total  amount  of  dark  heat  radiated  could 
be  calculated.  The  energy  supplied  to  the  lamp  was  deter- 
mined electrically,  and  as  the  difference  of  these  two  quantities 
.-gave  the  light  radiated  the  efficiency  could  be  determined.  The 
value  found  for  the  lamp  experimented  on  was  3-6  per  cent, 
for  its  normal  voltage. 

TVterritt  made  further  determinations,  letting  the  rays  from 
•different  lamps  fall  on  a  thermopile  with  and  without  an  alum 
filter  in  front  of  it.  He  corrected  for  the  light  absorbed  and 
the  dark  heat  transmitted  by  the  filter  in  the  same  way  as 
before.  By  this  method  he  obtained  higher  values. 

In  Russner's  determinations  the  brass  cap  and  plaster  were 
.removed  from  the  lamp,  and  the  latter  was  suspended  in  a 
beaker  filled  with  a  solution  of  ferrous  ammonium  sulphate. 
'This  liquid,  as  he  was  the  first  to  point  out,  is  almost  colourless, 
.and  absorbs  the  heat  rays  much  better  than  water.  The 
•current  was  run  for  a  measured  interval,  the  solution  stirred 
.and  the  rise  of  temperature  noted.  The  bulb  of  the  lamp  was 
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then  covered  with  tinfoil,  again  immersed  in  the  solution  and 
the  rise  of  temperature  for  the  same  interval  of  time  noted.  It 
was  greater  in  this  case,  as  the  light  also  was  absorbed.  The 
difference  of  the  two  readings  divided  by  the  second  gave  the 
efficiency.  Russner  apparently  did  not  correct  for  the  light 
absorbed  by  the  solution  in  the  first  case.  He  gives  results 
for  two  lamps — 0-58  and  0-61  per  cent. 

As  has  been  mentioned  in  the  first  of  these  studies,  a  filter 
of  water  or  any  other  solution  is  an  unsatisfactory  way  of 
separating  dark  heat  from  light. 

The  first  determination  to  which  exception  cannot  be  taken 
on  the  point  of  principle  is  due  to  C.  E.  Mendenhall  ("On  the 
Luminous  Efficiency  of  the  Carbon  Filament,"  Phys.  Rev.,  20, 
1905,  p.  160),  who  used  a  modification  of  Angstrom's  method. 
For  a  100  c.p.  lamp  he  obtained  the  following  figures  : — 


Watts  input. 

Efficiency. 

Watts  input. 

Efficiency. 

61-0 
65-5 
70-5 
70-75 

2-38% 
2-39 
2-45 
2-47 

75-5 

78-0 
8i-5 

2-63% 
2-70 
2-93 

Normal  brilliancy  corresponded  to  about  75  watts  input,  for 
which  the  efficiency  was  2-6  per  cent. 

I  have  determined  the  radiant  efficiency  of  two  250-volt 
lamps  ("The  Efficiency  of  Metallic  Filament  Lamps,"  Roy. 
Soc.,  Edin.,  Proc.  30,  p.  555,  1910)  by  the  method  described, 
in  the  first  of  these  studies.  The  results  are  as  follows  : — 


— 

Lamp  I. 

Lamp  II. 

Volts. 

Amperes. 

Radiant 
efficiency. 

Amperes. 

Radiant 
efficiency. 

116 
184 
216 
250 
270 

0-132 
0-173 
0-213 
0-257 
0-258 

0-12% 
1-40 
1-97 
3-42 
3-95 

o'-163 
0-194 
0-241 

0-268 

0-72% 
1-48 
2-42 
3-43 

The  mean  value  for  the  normal  voltage  is  thus  2-9  per  cent. 

It  is  interesting  to  note  that  the  efficiency  has  been  found, 
to  vary  considerably  with  the  nature  of  the  surface  of  the. 
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filament.  Thus  Evans  ("  Observations  on  the  Radiation  of 
Light  and  Heat  from  Bright  and  Black  Incandescent  Sur- 
faces," Proc.  Roy.  Soc.,  40,  1886,  p.  207)  flashed  two  per- 
fectly similar  filaments,  one  in  an  atmosphere  of  ordinary  cold 
coal  gas  and  the  other  in  very  hot  hydrocarbon  vapour.  The 
first  took  on  a  permanent  coating  resembling  lamp-black  ;  the 
second  had  a  bright  silvery  appearance.  The  blackened 
filament  required  100  watts  in  order  to  give  20  c.p.,  while  the 
filament  with  a  bright  surface  gave  an  equal  light  with  74  watts, 
the  difference  being  apparently  due  solely  to  the  radiating 
properties  of  the  surface.  Similar  results  have  been  obtained 
by  E.  L.  Nichols  ("  The  Distribution  of  Energy  in  the  Spectrum 
of  the  Glow  Lamp,"  Phys.  Rev.,  2,  1894,  p.  260), 

W.  Wedding  found  3-5  and  3-9  per  cent,  for  the  radiant 
efficiencies,  and  0-19  and  0-335  per  cent,  for  the  luminous 
efficiencies  of  two  carbon  lamps  which  he  investigated.  He 
used  a  bolometric  method,  by  which  he  was  able  to  determine 
the  absolute  value  of  the  energy  received  per  square  centimetre 
of  bolometer  surface,  and  he  separated  the  dark  heat  from  the 
light  by  means  of  a  water  filter.  The  radiant  efficiency  is,  of 
course,  the  ratio  of  light  to  total  energy  radiated,  and  the 
luminous  efficiency  the  ratio  of  light  to  total  energy  consumed. 
It  is  in  the  highest  degree  striking  that  Wedding's  results  for 
these  two  quantities  should  differ  so  widely,  and  one  cannot 
avoid  the  suspicion  that  there  was  some  error  made  in  deter- 
mining the  absolute  value  of  the  energy  received.  According 
to  Wedding,  the  total  energy  radiated  is  only  about  one- 
fifteenth  of  the  electrical  energy  consumed.  Where  does  the 
difference  go  to  ?  It  must  be  lost  by  convection  and  con- 
duction. Now  other  experimenters  are  accustomed  to  regard 
this  loss  as  small.  Drysdale  ("  On  Luminous  Efficiency  and 
the  Mechanical  Equivalent  of  Light,"  Proc.  Roy.  Soc.,  A  80, 
1907-08,  p.  19)  states  that  he  convinced  himself  that  it  was 
not  more  than  2  or  3  per  cent,  of  the  total  energy  consumed. 

Let  us  consider  the  question  of  this  convection  loss  more 
closely.  The  filament  is  losing  heat  only  by  radiation.  Hart- 
man's  measurements  (loc.  cit.)  leave  no  room  for  an  appre- 
ciable convection  loss  to  the  bulb,  and  since  the  filament  is 
of  the  same  brightness  to  its  ends,  there  is  no  appreciable  con- 
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duction  loss  along  the  leading-in  wires.  When  the  radiationi 
reaches  the  bulb  the  longer  waves  are  absorbed,  since  glass- 
absorbs  beyond  3-0  /A.  As  we  know  neither  the  exact  absorp- 
tion coefficient  of  the  glass  nor  the  exact  shape  of  the  energy 
curve  of  the  filament,  we  cannot  tell  what  fraction  of  the  radia- 
tion is  absorbed,  but  shall  probably  not  be  far  wrong  in  guessing 
it  at  a  third.*  This  absorbed  energy  is  spent  in  heating  the 
glass,  and  is  lost  from  the  glass  by  conduction,  convection  and 
radiation.  Now  the  transference  of  energy  byr  adiation  from, 
one  body  to  another  varies  with  the  difference  of  the  fourth  or 
higher  powers  of  their  temperatures  ;  the  transference  of 
energy  by  conduction  varies  with  the  difference  of  the  first 
power.  Hence,  as  the  glass  is  not  much  above  room  tem- 
perature, the  energy  it  absorbs  is  lost  mainly  by  conduction 
and  convection.  Hence  the  calorimetric  methods,  if  it  were 
possible  to  carry  them  out  accurately,  should  give  the  luminous 
efficiency,  while  the  methods  adopted  by  Mendenhall  and 
myself  give  the  radiant  efficiency. 

Abney  and  Festing  ("  The  Relation  between  Electric  Energy 
and  Radiation  in  the  Spectrum  of  Incandescence  Lamps," 
Proc.  Roy.  Soc.,  37,  1884,  p.  157)  found  for  a  carbon  lamp 
that  the  watts  consumed  were  not  proportional  to  the  total 
radiation  measured  by  a  thermopile,  but  to  the  latter  plus  a 
constant.  For  small  currents  the  radiation  increased  slowly, 
but  afterwards  more  rapidly.  As  they  stated  that  there  was 
no  appreciable  convection  loss — a  statement  to  which  Sir 
William  Siemens  took  exception — they  put  the  difference 
down  to  energy  consumed  in  molecular  rearrangement  in  the 
filament.  It  is,  however,  quite  clear  that  the  difference  is 
radiation  absorbed  by  the  bulb  and  lost  from  the  latter  by 
conduction  and  convection. 


*  Cf.  Table  on  p.  63,  which  became  known  to  me  only  after  the  above 
was  in  type. 


CHAPTEK  VI. 


THE  ARC. 

If  two  carbon  rods  are  connected  with  the  terminals  of  a 
battery  of  storage  cells,  so  that  their  difference  of  potential  is 
about  80  volts,  and  if  the  ends  of  these  rods  are  pushed  together 
and  then  drawn  apart,  a  bright  discharge  characterised  by 
intense  light  and  heat  passes  from  the  one  carbon  to  the  other. 
This  is  the  electric  arc,  which  dates  from  the  beginning  of  last. 
century.  It  has  been  the  subject  of  a  great  number  of  inves- 
tigations, but  its  phenomena  are  extremely  complicated  and 
by  no  means  yet  fully  understood. 

If  an  image  of  the  arc  is  thrown  on  a  screen  by  a  lens  and 
examined,  it  is  found  that  the  extremities  of  the  carbons, 
although  similar  to  begin  with,  soon  begin  to  show  differences. 
The  end  of  the  positive  carbon  becomes  hollowed  out  into 
a  crater-like  depression,  while  the  end  of  the  negative  terminal 
becomes  pointed.  Both  the  carbons  are  consumed  by  the  arc, 
the  positive  one  twice  as  fast  as  the  negative.  Much  the 
greater  portion  of  the  light  comes  from  the  positive  electrode, 
less  from  the  negative,  and  very  little  from  the  space  between 
the  carbons.  The  latter  is  filled  with  an  egg-shaped  violet- 
coloured  vapour,  which  seems  to  spring  from  the  crater,  sur- 
rounded by  a  blue  layer  which  is,  in  its  turn,  surrounded  by 
yellowish  flames. 

It  has  been  shown  that  if  V  denotes  the  P.D.  between  the 
terminals  and  I  the  length  of  the  arc,  the  relation 


holds,  m  and  n  being  quantities  that  vary  with  the  current. 
For  carbon  electrodes  in  air  at  atmospheric  pressure,  m  is  about 
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39  volts.  If  metal  electrodes  are  used,  m  varies  with  the  metal, 
being  less  the  lower  the  temperature  of  volatilisation  of  the 
metal.  Hence  the  product  of  m  and  the  current  probably 
roughly  represents  the  rate  at  which  work  is  done  in  volatilising 
the  metal.  There  is  a  considerable  fall  of  potential  in  the  arc 
close  to  the  anode,  a  smaller  one  close  to  the  cathode  and  a 
gentle  potential  gradient  in  the  intervening  space. 

If  the  current  becomes  too  large  the  P.D.  between  the  elec- 
trodes falls,  becoming  constant  for  further  increase  of  current, 
and  the  lamp  begins  to  hiss.  Hissing  is  caused  by  the  crater 
becoming  too  large  to  occupy  the  end  only  of  the  positive 
carbon  and  by  its  therefore  extending  up  the  side. 

Besides  the  P.D.,  length  and  current,  the  nature  of  the  arc 
•depends  on  the  material  and  shape,  of  the  carbons,  the  ballast 
resistance  in  the  circuit,  and  the  nature  and  pressure  of  the  gas 
in  which  it  burns.  It  would  lead  too  far,  however,  to  study 
the  influence  of  these  factors,  and  we  shall  proceed  to  consider 
the  arc  as  an  energy  transformer. 

It  receives  energy  from  two  sources  :  (1)  work  done  by  the 
current,  and  (2)  heat  of  combustion  of  the  carbons.  The  latter 
may  be  neglected  in  comparison  with  the  former.  In  the  case 
of  an  arc  experimented  on  by  L.  B.  Marks  ("  The  Enclosed 
Arc  Light,"  THE  ELECTRICIAN,  Vol.  XXXVIII.,  p.  615,  1896), 
which  may  be  regarded  as  typical,  the  power  consumed  in 
watts  was  498-69,  the  carbons  were  11-11  mm.  in  diameter, 
the  consumption  of  positive  carbon  was  11-556  mm.  per  hour, 
and  the  consumption  of  negative  carbon  8-077  mm.  per  hour. 
If  we  take  the  density  of  the  carbons  as  2-2  grammes  per  cubic 
centimetre,  the  mass  consumed  per  second  is 

1-9633x2-2 


I  have  not  been  able  to  find  the  heat  of  combustion  of  arc 
carbon,  but  it  is  probably  less  than  the  value  for  coke,  which  is 
6,900  calories  per  gramme.  Hence,  owing  to  the  combustion 
•of  the  carbons,  less  than 

n  x  Mil2  x  1-9633  x  2-2  x  6,900  x  4-2  =  3.47  -oules 
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are  liberated  per  second,  and  this  is  small  in  comparison  with 
498-69. 

The  arc  loses  energy  by  conduction,  convection  and  radia- 
tion. I  know  of  no  data  on  the  conduction  and  convection 
losses  ;  they  must  be  large.  Owing  to  the  way  the  carbons 
heat  up,  much  dark  heat  must  be  radiated  from  the  whole  of 
their  surface.  Light  is  radiated  only  from  their  poles. 

The  temperature  of  the  poles  is  of  interest.  Sir  Wm.  Abney 
stated  in  1881  that  with  given  carbons  the  brightness  of  the 
crater  is  constant,  being  apparently  due  to  the  temperature 
at  which  carbon  vaporises.  It  by  no  means  follows  that  the 
light  we  receive  from  each  square  millimetre  of  crater  surface 
is  constant,  as  some  may  be  absorbed  by  the  vapour  of  the  arc. 
By  the  photometric  method  already  described,  Le  Chatelier 
found  4,100°C.  for  the  positive  carbon  for  all  lamps,  no  matter 
what  the  current  was,  and  3,000CC.  for  the  negative  carbon 
("  Sur  la  mesure  optique  des  temperatures  elevees,"  Journal 
de  Phys.  (3),  1,  pp.  185-205,  1892).  Violle  determined  the 
temperature  by  an  original  method  (J.  Violle,  "  Sur  la  tem- 
perature de  Tare  electrique,"  Comptes  Eendus,  115,  pp. 
1273-1275,  1892.  "  Lumiere  et  chaleur  de  1'arc,"  Journal 
de  Phys.  (3),  2,  pp.  545-552,  1893).  The  carbon  was  filed 
away  round  about,  a  short  distance  from  the  end.  As  soon  as 
the  end  attained  its  usual  brightness  it  was  knocked  off  by  a 
light  blow,  fell  into  a  water  calorimeter  and  the  heat  given  out 
was  measured.  To  complete  the  determination  we  require  to 
know  the  specific  heat  of  carbon  right  up  to  its  melting  point. 
Violle  found  that  a  gramme  of  carbon  gave  out  1,600  calories 
in  cooling  from  the  temperature  of  the  arc  to  0°C.  and  that  it  gave 
out  300  calories  in  cooling  from  1,000°C.  to  0°C.  Assuming  that 
above  1,000°C.  the  specific  heat  had  the  theoretical  value  0-52 
calculated  from  Dulong  and  Petit's  law,  he  obtained  3,500°C. 
for  the  temperature  of  the  positive  carbon.  Le  Chatelier 
("  Eemarques  sur  la  chaleur  specifique  du  carbone,"  Comptes 
Kendus,  116,  pp.  1051-1052,  1893)  called  attention  to  the  fact 
that  the  specific  heat  was  not  constant  above  1,000°C.  Violle 
thereupon  determined  the  specific  heat  of  graphite  above 
1,000°C.,  heating  it  in  an  electric  oven,  determining  its  tem- 
perature photometrically  and  also  calorimetrically  by  means  of 
S.L.P.  E 
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a  piece  of  platinum  or  iridium  ("  Chaleur  specifique  et  point 
<T ebullition  du  carbone,"  Comptes  Rendus,  120,  pp.  868-869, 
1895).  He  found  the  temperature  of  volatilisation  of  graphite 
to  be  3,600°C. 

Lummer  and  PriRgsheim  find  that  the  maximum  of  the 
energy  of  the  arc  lies  at  700/z/*.  Its  temperature,  therefore, 
is  3,480°C.  if  it  radiates  like  platinum,  or  3,930°C.  if  it  radiates 
like  the  perfect  black  body  (Verh.  deutsch.  phys.  Ges.,  1, 
pp.  215-235,  1899).  This  result,  of  course,  refers  to  the  anode, 
as  much  the  greater  proportion  of  the  light  comes  from  there, 
probably  85  per  cent. 

Only  one  determination  has  been  made  of  the  radiant 
efficiency  of  the  arc,  that  of  H.  Nakano,  described  by  Mrs. 
Ayrton  in  "  The  Electric  Arc,"  p.  369.  He  used  a  water  filter 
method,  similar  to  Merritt's,  and  found  that  with  various  kinds 
and  sizes  of  carbons  the  value  varied  1-8  to  19-8  per  cent. 
The  45  tests  he  made  gave  an  average  value  of  10  per  cent. 
His  method  would  give  a  result  considerably  too  large.  If  the 
arc  were  a  perfectly  black  body  at  the  temperature  of  the  crater 
obeying  Wien's  radiation  law,  its  radiant  efficiency  should  be 
about  30  per  cent. 

Data  for  a  prismatic  energy  curve  have  been  given  by 
Langley  (Phil.  Mag.  (5),  29,  1894,  p.  51). 

Within  recent  years  the  arc  has  been  improved  in  three 
directions.  First  of  all  the  carbons  have  been  enclosed  in  a 
globe  which  fits  tightly  and  restricts  the  supply  of  air.  This 
lengthens  the  life  of  the  carbons  and  diminishes  the  cost  for 
attendance.  It  should  also  diminish  the  convection  energy 
loss.  Of  course,  at  the  same  time  light  is  absorbed  by  the 
globe.  If  the  glass  is  clear  at  least  10  per  cent,  of  the  total 
light  is  absorbed,  and  if  it  is  ground  at  least  20  per  cent.  Then 
the  carbons  have  been  mounted  inclined  to  one  another,  with 
the  poles  pointing  downwards  instead  of  coaxially,  and  the 
efficiency  of  the  arc  has  been  increased  by  impregnating  them 
with  different  substances  giving  a  coloured  flame. 

It  is  easy  to  see  the  advantage  gained  by  having  the  carbons 
inclined  to  one  another  with  the  arc  passing  between  the  lower 
ends  :  the  crater  is  no  longer  obscuredjby  the  negative  carbon. 
The  light  given  by  the  ordinary  arc  varies  in  different  direc- 
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tions,  and  it  has  been  shown  that  for  any  direction  it  is  pro- 
portional simply  to  the  amount  of  crater  visible  in  that  direc- 
tion multiplied  by  the  cosine  of  the  angle  between  the  direction 
and  the  axis  of  the  carbon.  If  the  negative  carbon  is  placed 
at  the  side,  the  crater  still  forms  on  the  end,  and  its  light  is  not 
appreciably  absorbed  by  the  negative  carbon. 

In  the  pure  carbon  arc  the  arc  itself  contributes  a  very  small 
proportion  of  the  light.  We  are  here  dealing  with  the  tem- 
perature radiation  of  a  solid  body,  the  positive  carbon,  the  case 
being  analogous  to  the  candle  flame  and  the  glow  lamp,  the 
radiating  substance  being  solid  carbon  and  the  main  difference 
one  of  temperature.  But  in  the  arc  in  which  the  carbons  are 
impregnated  with  chemicals,  the  flame  arc,  conditions  are 
different.  Here  the  bulk  of  the  light  is  given  by  the  flame, 
by  the  calcium  oxide,  or  whatever  the  impregnating  substance 
is,  and  we  are  probably  not  dealing  with  temperature  radiation. 

There  are  no  data  on  the  luminous  or  radiant  efficiency  of  the 
flame  arc. 


E2 


CHAPTER  VII. 


THE  NERNST  LAMP. 

Previous  to  the  Nernst  glower,  attempts  had  .been  made  to- 
construct  electric  lamps  in  which  the  illuminating  body  con- 
sisted of  earths.  For  example,  in  1877,  Jablochkoff  took  out  a 
patent  for  a  lamp  in  which  a  body  of  kaolin  and  similar  re- 
fractory earths  conducted  electricity  when  it  was  heated  to  a 
certain  temperature.  On  account  of  its  low  efficiency  and  the 
necessity  for  very  high  tension  currents,  this  lamp  proved  a 
failure,  and  it  was  not  until  Prof.  Nernst  brought  forward  his 
lamp  in  1898  that  work  on  this  line  became  successful. 

The  Nernst  glower,  which  seems  to  have  been  suggested  by 
the  Welsbach  mantle,  is  a  combination  of  the  oxides  of  cerium, 
thorium  and  zirconium — a  rather  obvious  combination.  In 
a  lecture  by  Nernst  (Elektrot.  Zs.,  20,  1899,  pp.  355-356) 
describing  it,  it  is,  however,  described  as  containing  magnesia. 
The  conduction  in  the  glower  is  electrolytic  (Nernst,  Zs.  fur 
Electrochemie,  6,  1899,  p.  41)  ;  hence  one  would  expect  it 
to  be  more  suitable  for  alternating  than  direct  current,  but,  as 
a  matter  of  experience,  it  does  better  on  direct.  Probably  the 
oxygen  of  the  air  depolarises  it  and  prevents  electrolysis.  The 
glower  conducts  only  when  heated.  In  the  first  lamps  it  had 
to  be  heated  with  a  match  or  spirit  lamp  before  it  would  light 
up,  but  the  lamps  were  soon  provided  with  an  arrangement 
which  heated  the  glower  until  it  conducted  and  then  auto- 
matically cut  out.  As  the  resistance  of  the  glower  diminishes 
rapidly  with  increase  of  current,  it  is  liable  to  burn  through, 
and  hence  it  is  run  in  series  with  a  ballast  resistance,  usually  of 
iron,  on  account  of  the  high  positive  temperature  coefficient 
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of  the  latter.  If  the  current  increases  5  per  cent,  the  resistance 
of  the  iron  wire  increases  75  per  cent. 

On  its  introduction  it  was  thought  that  the  Nernst  glower 
would  supersede  the  carbon  filament.  It  did  not  require  to  be 
placed  in  an  evacuated  globe,  and  it  gave  1J  times  as  much 
light  for  the  same  electrical  energy.  But  although  very  many 
types  in  succession  have  been  placed  on  the  market — for  a 
description  of  which  see  the  article  by  J.  Stottner  (Journal 
of  Elec.  Eng.,  32, 1902-03,  p.  520)— the  success  of  the  lamp  has 
by  no  means  come  up  to  expectations,  and  it  is  not  widely  used. 
This  is  due  to  the  advent  of  the  metal  filament  lamp,  and 
possibly  also  to  the  uncertainty  of  the  life  of  the  filament.  For 
although  they  are  supposed  to  last  about  400  hours,  and  some 
last  more  than  1,000  hours,  yet  others  go  very  much  sooner 
owing  to  failure  of  the  flex,  fracture  of  the  glower  or  faulty 
action  of  the  heating  coil. 

After  burning  a  long  time  the  glower  crystallises.  The 
precise  cause  of  this  is  not  known,  but  it  is  supposed  to  be  due 
to  electrolysis. 

The  light  of  the  glower  has  been  examined  several  times  with 
the  spectrophotometer.  The  figures  obtained  by  P.  Vaillant 
have  already  been  given  in  connection  with  the  carbon  glow 
lamp.  A  more  thorough  study  has  been  made  by  L.  W. 
Hartman  ("A  Spectrophotometric  Study  of  the  Luminous 
Radiation  from  the  Nernst  Lamp  Glower  under  Varying 
Current  Density,"  Phys.  Rev.,  17,  p.  65,  1903).  The  follow- 
ing diagram  (Fig.  9),  comparing  the  radiation  from  a  Nernst 
glower  at  its  normal  current  strength  with  various  other  sources 
of  light,  is  taken  from  Hartman's  Paper.  Thus,  at  its  normal 
current  strength,  the  glower  is  strong  in  the  red  end  of  the 
spectrum,  which,  of  course,  might  have  been  inferred  from  its 
colour. 

The  temperature  of  the  glower  has  been  determined  directly 
by  Hartman  ("  Concerning  the  Temperature  of  the  Nernst 
Lamp,"  Phys.  Rev.,  22,  p.  351,  1906).  Three  specimens  of 
the  same  platinum  and  platinum-rhodium  wire  used  by 
Nichols  in  his  determination  of  the  temperature  of  the  acetylene 
flame  were  made  into  thermo- junctions.  The  junctions  were 
brought  into  contact  with  the  glower  and  the  temperatures 
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lead.  The  results  were  then  plotted  as  a  function  of  the 
radius  of  the  wire,  and  by  continuing  the  curve  to  cut  the  axis 
of  zero  radius  the  temperature  that  would  be  read  by  an 
infinitely  thin  junction  was  found.  The  temperatures  of  six 
glowers  under  normal  conditions  varied  from  1,505°C.  to 
1,535°C.  Of  course,  this  method  is  here  not  nearly  so  suitable  ; 
the  thermo-j  unction  is  not  small  in  comparison  with  the  fila- 
ment, although  small  in  comparison  with  the  acetylene  flame. 
Hence  the  curve  of  temperature  may  change  its  gradient  con- 
siderably before  meeting  the  axis  of  zero  radius. 

Lummer    and    Pringsheim   (Verh.    deut.    Phys.    Ges.,    3, 
p.  36,  1901)  had  previously  shown  from  the  position  of  the 
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A,  Acetylene  in  Oxygen.  B,  Acetylene-Hydrogen  in  Oxygen.  C,  Acetylene  in  Air. 
D,  Kerosene  Lamp.  E.  Ordinary  Gas  Flame.  P,  Fresh  Lime  Light.  Gr,  Old  Lime 
.Light.  H,  Arc  Light.  II,  Magnesium  Light.  N,  Nernst  Lamp. 

FIG.  9. 

maximum  that  the  temperature  of  the  glower  was  2,450°  abs. 
if  it  radiated  as  a  black  body  and  2,200°  abs.  if  it  radiated 
like  platinum.  Mendenhall  and  Ingersoll  (Phys.  Rev.,  24, 
p.  230,  1906)  find  the  normal  temperature  to  be  2,300°  abs. 
They  compared  the  emission  of  the  glower  with  a  comparison 
lamp  for  a  particular  wave-length  in  the  visible  spectrum  when 
the  glower  was  at  the  melting  points  of  gold  and  platinum. 
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Then,  assuming  that  Wien's  law  holds,  they  were  able  to 
determine  the  temperature  for  any  given  brightness. 

But  by  making  a  very  thorough  study  of  the  energy  curve 
of  different  glowers  for  different  consumptions  of  energy,  W.  W. 
Coblentz  has  recently  shown  ("  Selective  Kadiation  from  the 
Nernst  Glower,"  Bull.  Bureau  of  Standards,  4,  p.  533, 
1908)  that  the  Nernst  glower,  like  the  Welsbach  mantle, 
behaves  very  unlike  a  black  body.  The  apparatus  was  a 
mirror  spectroscope  with  fluorite  prism  and  bolometer.  It 
was  enclosed,  the  slit  being  covered  with  a  plate  of  fluorite,  and 
inside  it  were  placed  vessels  containing  phosphorous  pentoxide 
and  sticks  of  potassium  hydroxide.  In  front  of  the  slit  was 
placed  a  water-cooled  shutter,  and  the  glower  was  placed  close 
to  the  shutter.  By  this  arrangement  the  bands  of  water 
vapour  and  carbon  dioxide  were  entirely  eliminated  from  the 
emission  curves. 

At  the  rated  voltages  the  energy  curves  were  somewhat 
similar  to  those  of  a  black  body.  On  decreasing  the  tem- 
perature discontinuities  appeared  which  were  at  first  attributed 
to  faults  in  the  apparatus.  But  when  a  glower  was  run  on  a 
2,000-volt  transformer  which  permitted  a  low  heating,  the 
colour  then  being  a  reddish  grey,  the  curve  decomposed  into 
a  number  of  separate  bands.  Fig.  10  gives  the  curves 
then  obtained  for  2-0,  7-1  and  10-6  watts.  The  results  are 
quite  different  from  what  previous  work  would  lead  us  to  expect. 
The  change  in  relative  intensity  of  the  two  groups  of  bands 
with  the  temperature  is  very  interesting. 

By  integrating  the  energy  curve,  Coblentz  deduced  values 
for  the  radiant  efficiency  varying  from  3-6  to  7-4  per  cent.,  but 
does  not  state  which  corresponds  to  the  rated  voltage.  The 
most  careful  determinations  of  the  radiant  efficiency  have, 
however,  been  made  by  L.  R.  Ingersoll  ("On  the  Radiant 
Efficiency  of  the  Nernst  Lamp,"  Phys.  Rev.,  17,  p.  371, 
1903),  who  used  Angstrom's  method.  According  to  his  results, 
glowers  are  by  no  means  uniform.  New  ones  at  their  rated 
voltage  show  a  radiant  efficiency  of  from  4-35  to  4-70  per  cent., 
the  mean  being  4-61  per  cent.  It  falls  rapidly  for  about  the 
first  20  hours,  decreasing  to  4-3  per  cent.,  and  varies  only 
slowly  after  this.  Some  very  old  glowers  gave  results  of 
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3*6  per  cent.     His  figures  are  for  110- volt  glowers  consuming 
89  watts. 

In  Drude's  "  Optics,"  p.  447,  first  German  edition,  it  is  stated 
that  the  luminous  efficiency  of  the  Nernst  glower  is  12  per  cent. 
The  reference  to  the  determination  is  not  given  and  the  result 
is  obviously  too  high.  The  luminous  efficiency  should  differ 


more  from  the  radiant  efficiency  than  in  the  case  of  the  glow 
lamp,  as  the  lamp  is  not  evacuated  and  the  conduction  and 
convection  losses  are  hence  important. 

Wedding  finds  0-848  and  6-4  per  cent,  respectively  for  the 
luminous  and  radiant  efficiencies. 


CHAPTER  VIII. 


METAL  FILAMENT  LAMPS. 

The  metal  filament  glow  lamp  is  the  oldest  form  of  glow 
damp,  and  dates  from  before  the  carbon  filament.  Edison, 
for  example,  devoted  a  considerable  amount  of  attention  to  a 
lamp  in  which  a  thin  platinum  wire,  raised  to  incandescence 
by  the  passage  of  an  electric  current,  formed  the  illuminating 
body.  The  platinum  lamp,  however,  was  never  a  commercial 
success,  because  the  temperature  of  platinum  has  to  be  raised 
very  nearly  to  its  melting  point  in  order  to  produce  light 
-economically,  and  hence,  if  the  voltage  increased  above  its 
normal  value,  the  filament  burned  through. 

The  success  of  the  carbon  lamp  stopped  experimenting  in 
metallic  filament  lamps  for  a  considerable  time,  and,  although 
an  iridium  lamp  was  patented  in  1890,  it  was  not  until  1898 
that  the  first  commercial  metal  filament  lamp  appeared.  This 
was  the  osmium  lamp,  invented  by  Auer  von  Welsbach,  in 
which  the  filament  was  made  cf  metallic  osmium,  and  which 
was  much  more  efficient  than  the  carbon  lamp,  giving  a  candle 
for  1J  watts. 

The  osmium  lamp  began  to  be  regularly  supplied  in  1902. 
In  1905  the  tantalum  lamp  appeared  on  the  market.  It  was 
not  so  fragile,  but  slightly  less  efficient.  It  was  followed  by 
the  tungsten  lamp.  All  the  various  metal  filament  lamps  on 
the  market,  with  the  exception  of  the  tantalum  lamps  of 
course,  are  made  of  tungsten.  The  osmium  lamp  is  now  no 
longer  made  ;  it  is  less  efficient  than  the  tungsten  lamp,  and 
the  quantity  of  osmium  available  is  limited. 

The  original  method  of  manufacturing  the  Osram  lamp, 
which  was  the  first  tungsten  filament  lamp  on  the  market,  is 
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described  in  a  paper  by  H.  Hirst  ("  Kecent  Progress  in  Tung- 
sten Metallic  Filament  Lamps,"  Journal  of  Elec.  Eng.,  41, 1908, 
P.  636).  A  paste  of  the  consistency  of  putty  is  prepared  from 
the  metal  in  a  finely  divided  form,  together  with  some  binding 
or  stiffening  agent.  It  is  then  squirted  through  a  very  fine 
orifice  in  a  diamond  with  a  pressure  of  several  tons  per  square 
inch.  The  filaments  thus  formed  are  heated  in  air,  when  they 
become  more  coherent.  They  are  then  sintered  by  the  passage 
of  an  electric  current,  the  sintering  being  carried  out  in  gases 
which  attack  the  binding  agent,  so  that  finally  a  filament  of  pure 
metallic  tungsten  remains.  This  method  is,  however,  now 
obsolete ;  tungsten  filaments  are  now  being  drawn  and  are 
consequently  very  much  stronger  than  formerly. 

The  specific  resistance  of  osmium,  tantalum  and  tungsten 
is,  of  course,  considerably  less  than  the  specific  resistance  of 
carbon.  Consequently  the  filament  must  be  made  longer  and 
its  diameter  less.  For  example,  in  the  case  of  a  120- volt 
Osram  lamp,  taking  0-20  to  0-25  amperes,  the  diameter  of  the 
filament  is  0-03  mm. 

All  three  metals  possess  a  high  positive  temperature  coefficient 
of  electrical  resistance.  In  the  paper  already  cited,  the  follow- 
ing figures  are  given  as  the  ratios  of  the  resistances  of  the 
different  filaments  at  those  temperatures,  which  in  a  vacuum 
correspond  to  1-5  watts  per  candle,  to  their  resistances  when 
cold ; — 

For  a  carbon  filament    0-55 

For  a  tantalum  filament 5-70 

For  an  osmium  filament 8-50 

For  a  tungsten  filament  11-0 

The  normal  burning  temperatures  of  metal  filament  lamps 
have  been  determined  by  C.  W.  Waidner  and  G.  K.  Burgess 
("  Preliminary  Measurements  on  Temperature  and  Selective 
Radiation  of  Incandescent  Lamps,"  Bull.  Bureau  of  Standards, 
2,  p.  319)  by  an  optical  pyrometer.  The  results  are  given  in 
the  table  on  page  61,  the  normal  burning  temperatures  of 
three  carbon  lamps  being  added  for  the  sake  of  comparison. 
The  last  column,  giving  the  approximate  values  of  the  actual 
temperatures,  is  obtained  by  adding  to  the  black-body  tem- 
perature for  blue  light  twice  the  difference  between  the  red 
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Typs  of  lamp. 

Watts. 

Volts. 

Obs9rved  black 
body  tem- 
perature (red). 

Approximate 
true 
temperature. 

Carbon  

4-0 

50 

1,710°C. 

1,800°C. 

3-5 

118 

1,760°C. 

1,850°C. 

3-1 

118 

1,860°C. 

1,950°C. 

Tantalum 

2-0 

110 

1,865°C. 

2  000°C 

Tungsten  

1-0 

100 

2,135°C. 

2,300°C. 

and  blue  readings,  an  empirical  relation  found  to  hold  fairly 
well  for  platinum  for  lower  temperatures  than  those  in  the 
table.  How  far  its  application  is  justified  here  it  is  impossible 
to  say.  The  "  black  "  temperature  of  the  melting  point  of 
tungsten,  according  to  Waidner  and  Burgess,  is  about  2,900°C. 

In  the  papers  referred  to  in  connection  with  the  carbon  glow 
lamp  ("  Modern  Incandescent  Electric  Lamps,"  THE  ELEC- 
TRICIAN, Vol.  LXIIL,  pp.  700  and  755),  A.  C.  Jolley  finds  about 
1,700°C.  and  1,800°C.  respectively  for  tantalum  and  tungsten 
filaments  at  their  normal  voltage.  Here  the  temperature,  as 
determined  by  Stefan's  law,  is  very  much  lower. 

It  should  be  noticed  that  Jolley  misquotes  the  results  of 
Waidner  and  Burgess,  making  them  deg.  abs.  instead  of 
deg.  cent. 

The  following  diagram  is  taken  from  a  paper  by  Coblentz 
("  Radiation  Constants  of  Metals,"  Bull.  Bureau  of  Stan- 
dards, 5,  p.  339,  1909).  It  represents  the  energy  curves  of  (a) 
an  untreated  carbon  filament,  (6)  a  flashed  carbon  filament, 
(c)  a  tungsten  filament,  and  (d)  an  osmium  filament,  the  voltage 
of  each  lamp  being  regulated  so  that  all  gave  the  same  colour 
and  the  curves  then  being  plotted  so  as  to  coincide  in  the 
visible  spectrum.  The  apparatus  was  a  mirror  spectroscope 
with  fluorite  prism,  but  the  filaments  were  observed  on  through 
the  ordinary  glass  bulbs  ;  hence,  owing  to  the  absorption  of  the 
glass,  the  curves  are  not  correct  beyond  2-5/x.  A  glance  at  the 
figure  shows  that  the  carbon  lamps  emit  about  one-third  more 
infra-red  energy  than  the  metal  filaments.  To  that,  and  to 
the  higher  temperature,  the  superior  efficiency  of  the  metal 
filament  lamps  is  due. 

By  the  method  already  described  in  connection  with  the 
carbon  lamp,  Russner  determined  the  radiant  efficiency  of  a 
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tantalum  lamp,  an  osmium  lamp  and  an  osram  lamp,  and 
found  respectively  the  values  2-2,  2-3  and  246  per  cent. 
Wedding  found  0-622  and  7-7  per  cent,  respectively  for  the 
luminous  and  radiant  efficiencies  of  an  osmium  lamp. 

I  have  recently  determined  the  radiant  efficiency  of  some 
metallic  filament  lamps  (Proc.  Koy.  Soc.,  Edin.,  Vol.  XXX. y 
p.  555,  1909-10)  by  a  method  already  described  in  the  first  of 
these  studies.  My  results  are  given  in  the  following  table. 


2 

FIG.  11. 


The  marked  voltage  of  the  first  two  tungsten  lamps  was" 250 
Volts,  of  the  second  two  130,  of  the  tantalum  125  and  of  the 
osmium  50.  The  number  in  the  bracket  is  merely  my  number 
for  the  lamp  : — 


Volts. 

Tungsten  (3). 

Tungsten  (4). 

Volts. 

Osmium  (5). 

116 
184 
216 
250 
270 

4-96 
7-42 
7-60 
8-06 

2-48 
5-98 
9-02 
9-39 
9-59 

30 
45 
55 

2-17 
3-84 
6-52 
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Volts. 

Tungsten  (6). 

Tungsten  (7). 

Tantalum  (8). 

Tantalum  (9). 

75-0 
125-0 
146-5 
150-0 

1-61 
6-61 
9-04 

1-69 
6-43 

8-83 

2-06 
6-66 

7-70 

3-00 
6-35 

9-25 

After  this  section  was  written,  two  papers  by  Gr.  Leimbach. 
which  deal  with  the  efficiency  of  glow  lamps  ("  Die  Strahlungs* 
eigenschaften  der  elektrischen  Gliihlampen,"  Zs.  f.  wiss. 
Photogr.  Photophysik  u.  Photochemie,  8,  pp.  333-360  and 
pp.  365-380,  1910),  came  to  my  notice.  Some  of  the  prin- 
cipal results  of  these  papers  are  given  in  the  following  table. 
The  first  column  gives  the  name  of  the  lamp,  the  second  its 
watts  per  hefner  candle,  the  third  the  ratio  of  total  energy 
radiated  to  total  energy  supplied,  the  fourth  the  radiant 
efficiency  and  the  fifth  the  luminous  efficiency : — 


1. 


2. 


4. 


5. 


Carbon  glow  lamp  

3-8 

61-9% 

2-85% 

1-75% 

Nernst  

2-0 

49-2 

4-43 

2-17 

Tantalum  

2-0 

64-8 

4-26 

2-75 

Osram   

1-5 

75-6 

4-63 

3-50 

A.  E.G.  metal  filament  

1*7 

80-5 

4-41 

3-55 

Bergmann     

1-7 

68-5 

5-03 

3'44 

Just  Wolfram  

1-7 

72-2 

4.44 

3-20 

Sirius  colloid  lamp 

1-5 

65-4 

5-42 

3-55 

The  total  energy  radiated  was  obtained  by  taking  readings 
with  a  bolometer  in  different  directions.  The  light  was 
separated  from  the  dark  heat  by  means  of  a  ferrous  ammonium 
sulphate  filter.  The  third  column  is  especially  valuable.  It 
constitutes  the  only  data  on  the  convection  and  conduction 
loss  of  glow  lamps  which  we  have,  with  the  exception  of 
Wedding's,  and  the  latter,  as  has  been  mentioned,  seems 
unreliable. 


CHAPTER  IX. 


THE  MERCURY  ARC. 

The  mercury  arc  lamp  is  one  to  which  a  considerable  amount 
of  attention  has  been  given,  and  it  is  the  subject  of  numerous 
patents.  The  best  article  on  its  history  is  by  Von  Reckling- 
hausen  ("  Uber  die  Quecksilberdampf-lampe  von  P.  C.  Hewitt," 
Elektrot.  Zs.,  p.  492,  1902).  It  has  not  been  a  commercial 
success,  principally  on  account  of  its  strong  green  colour, 
although  it  appears  to  be  the  most  efficient  lamp  made, 
different  observers  having  obtained  one  candle  per  half-watt 
from  it  ("  Experiences  de  M.  Cooper  Hewitt  sur  les  tubes  £ 
vide,"  Maurice  Leblanc,  Journ.  de  Phys.,  (4)  4,  p.  416, 
1905).  It  dates  from  1860,  Way  (Chem.  News.,  2,  p.  167, 
1860)  having  produced  it  by  letting  a  fine  mercury  jet  fall  from 
a  reservoir  into  a  vessel  placed  to  receive  it.  The  reservoir  and 
vessel  were  connected  to  the  poles  of  a  battery ;  the  electric 
current  scattered  the  jet  and  between  the  drops  an  arc  formed. 
Way  exhibited  this  arc  on  the  mast  of  a  yacht  off  the  Isle  of 
Wight  and  it  excited  great  interest.  About  the  same  time 
Gladstone  also  produced  it  and  examined  its  spectrum  (J.  H. 
Gladstone,  "  On  the  Electric  Light  of  Mercury,"  Phil.  Mag., 
<4)  20,  pp.  249-253,  1860).  Since  then  a  number  of  different 
designs  have  been  proposed,  including  an  inverted  U-tube 
with  the  ends  dipping  in  mercury  and  the  arc  passing  in  the 
Torricellian  vacuum. 

The  first  practical  lamps  have  been  made  by  Arons  (L. 
Arons,  "  Uber  einen  Quecksilberlichtbogen,"  Wied.  Ann., 
47,  pp.  767-771,  1892;  "Uber  den  Lichtbogen  zwischen 
jQuecksilberelectroden,  Amalgamen  und  Legirungen,"  Wied. 
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Ann.,  58,  pp.  73-95,  1896)  and  by  Cooper  Hewitt  (loc.  cit.). 
Fig.  12  shows  the  form  of  the  Arons  lamp  most  used  in 
laboratories.  At  the  electrodes  further  mercury  reservoirs  are 
attached  outside  to  prevent  the  temperature  rising  too  high. 
The  arc  is  struck  by  inclining  the  lamp  and  letting  a  drop  run 
from  A  to  B.  Only  weak  currents  can  be  used,  otherwise  the 
lamp  becomes  too  hot.  For  laboratory  purposes  it  is  therefore 
often  put  in  a  water  bath.  This  causes  the  vapour  to  condense  on 
the  side  of  the  bulb  tube  and  the  light  is  then  obscured.  To 
obviate  this,  the  design  has  been  altered  by  several  experi- 
menters and  a  tube  with  a  plane  window  on  its  end  has  been 
attached  to  the  upper  part  of  the  U.  The  window  projects  out 
of  the  water  bath  and  is  warmer ;  consequently  no  vapour 
condenses  on  it.  It  is  the  light  from  the  window  that  is  used. 


FIG.  1SJ. — DIAGRAM  OF  AEONS'  LAMP. 

The  brightness,  of  course,  depends  on  the  current,  P.D., 
temperature  and  diameter  of  the  tube.  All  these  factors  have 
been  exhaustively  studied  by  Cooper  Hewitt.  The  current  he 
uses  is  of  the  order  3-5  amperes,  and  the  temperature  of  the 
vapour  about  145°C.  He  adds  an  induction  and  a  resistance 
to  his  lamps  to  steady  them. 

A  determination  has  been  made  of  the  radiant  efficiency  of  an 
Arons  lamp  by  Geer  (Wm.  C.  Geer,  "  The  Kadiant  Efficiency 
of  the  Mercury  Arc,"  Phys.  Kev.,  16,  p.  94,  1903).  The 
E.M.F.  between  the  terminals  of  the  lamp  was  14  volts,  and  the 
current  ranged  from  5  to  9  amperes.  The  result  varied  between 
the  very  high  values  of  41  per  cent,  and  48  per  cent.  Two  facts 
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must,  however,  be  set  against  this  high  result.  First  of  all,  the 
method  used  was  the  water  and  iodine  filter  method  employed 
by  Merritt  in  his  work  on  the  carbon  glow  lamp,  and  it  gives 
values  too  large.  Again,  the  result  is  only  for  the  radiation 
from  the  vapour,  the  radiation  from  the  hot  glass  being  elimi- 
nated by  measuring  the  radiation  from  the  lamp,  after  it  was 
extinguished,  at  regular  intervals  of  time,  plotting  a  cooling 
curve  and  producing  this  curve  backwards  to  the  time  of  ex- 
tinguishing the  lamp.  The  ordinate  for  this  time  gave  the 
part  of  the  original  effect  that  was  due  to  the  hot  glass  and  by 
subtraction  the  part  due  to  the  incandescent  vapour  could  be 
found.  One  cooling  curve  is  given  in  the  paper,  and  according 
to  it  the  hot-glass  radiation  is  three  times  as  great  as  the  mer- 
cury vapour  radiation.  The  convection  loss  from  the  mercury 
arc  must  be  large ;  but  even  allowing  for  it,  if  the  radiant 
efficiency  is  48  per  cent,  we  should  get  more  than  two  candles 
per  watt  from  it  owing  to  the  green  colour  of  the  light. 

Owing  to  the  nature  of  the  spectrum — namely,  to  the  fact 
that  it  consists  of  sharp  lines  too  narrow  for  our  measuring 
instruments — a  satisfactory  energy  curve  cannot  be  taken. 
The  infra-red  spectrum  has  been  explored  by  W.  W.  Coblentz 
and  W.  C.  Geer  ("  The  Infra-red  Emission  Spectrum  of  the 
Mercury  Arc,"  Phys.  Rev.,  16,  p.  279,  1903),  who  used  a 
radiometer,  and  the  intensity  of  the  lines  from  a  quartz  lamp 
has  been  studied  by  A.  Pfliiger  ("  Die  Gesetze  der  Tempera- 
turstrahlung  und  die  Intensitatsverteilung  im  Spektrum  der 
Quecksilberlampe,"  Ann.  d.  Phys.,  (4)  26,  pp.  789-805, 
1908)  and  E.  Ladenburg  ("  Uber  die  spektrale  Energiever- 
teilung  der  Quecksilberlampe  aus  Quarzglas,"  Phys.  Zs., 
5,  pp.  525-528).  A  spectro-photometric  examination  of  the 
spectrum  has  been  made  by  P.  Vaillant  ("  Sur  les  variations 
avec  la  temperature  des  spectres  d' emission  de  quelques  lampes 
electriques,"  Comptes  Rendus,  142,  pp.  81-83,  1906). 

The  great  disadvantage  of  the  mercury  lamp,  as  has  been 
said,  is  its  colour,  which  gives  everything  a  ghastly  appearance, 
and  being  practically  monochromatic  is  no  use  for  the  dis- 
crimination of  colour.  Cooper  Hewitt  endeavoured  to  correct 
the  colour  by  enveloping  the  lamp  in  a  silk  impregnated  with  a 
fluorescing  substance.  The  loss  of  intensity  is  then  said  to  be 
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25  per  cent.  Attempts  have  also  been  made  to  correct  it  by 
using  the  mercury  lamp  together  with  glow  lamps  or  other 
lamps  of  a  pronounced  reddish  tint.  In  a  recent  article 
("  White  Light  from  the  Mercury  Arc  and  its  Complementary," 
Bull.  Bureau  of  Standards,  6,  p.  265,  1909),  H.  E.  Ives  dis- 
cusses the  best  light  to  use  with  the  mercury  arc  for  the  pur- 
pose of  correcting  its  colour,  and  finds  the  tungsten  glow  lamp 
or  Welsbach  mantle  to  be  most  suitable.  To  1  c.p.  of  mercury 
arc  should  be  added  0-54  c.p.  of  tungsten  glow  lamp.  The 
efficiency  of  the  combination  should  then  be  0-80  watt  per 
candle.  Most  attempts  to  improve  the  colour  have,  however, 
been  made  by  adding  substances  to  the  mercury,  potassium 
amalgams,  for  example,  or  zinc.  In  the  article  cited  above, 
Leblanc  says  it  has  been  found  that  the  colour  cannot  be 
corrected  in  this  way,  the  arc  passing  in  one  or  the  other  of  the 
substances  employed,  but  never  in  a  mixture  of  both. 

Herseus  ("  The  Kuch  Mercury  Lamp,"  0.  Bussmann, 
Elektrot.  Zs.,  38,  1907,  also  the  Illuminating  Engineer,  1, 
p.  81,  1908)  states  that  the  amalgam  method  fails  because 
generally  the  added  metal  tends  to  gradually  separate  out  at 
one  pole.  He  also  tried  the  effect  of  rendering  refractory 
substances,  such  as  Nernst  substances  and  metallic  oxides, 
incandescent,  by  making  use  of  the  high  temperature  of  the 
arc,  but  without  satisfactory  practical  results,  and  states 
that  the  addition  of  other  substances  has  an  injurious  effect 
on  the  life  of  the  lamp.  Other  experimenters  also  describe 
on  the  effect  of  introducing  amalgams  (E.  Gehrcke  und  0.  von 
Baeyer,  Elektrot.  Zs.,  27,  pp.  383-384,  1904;  Leo  Arons, 
"  Eine  Amalgamlainpe  mit  reichem  Linienspektrum,"  Ann.  d. 
Phys.  (4)  23,  pp.  176-178). 

Lately  the  Brush  Company  have  introduced  a  new  mercury 
lamp  called  the  "  Quartzlite  "  (THE  ELECTRICIAN,  Vol.  LXVL, 
p.  512,  1911).  The  tube  is  made  of  quartz,  and  owing  to 
quartz  being  able  to  withstand  a  much  higher  temperature 
than  glass,  a  greater  current  density  and  consequently  a  higher 
temperature  can  be  used,  and  this  gives  a  much  whiter  light 
besides  increasing  the  radiant  efficiency.  The  pressure  inside 
the  lamp  is  very  great ;  this  broadens  the  lines  and  gives  a 
continuous  background  to  the  mercury  spectrum.  Red  rays 
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are  also  obtained  by  the  use  of  a  platinum  or  tantalum  stud  as 
one  of  the  electrodes.  The  makers  claim  to  obtain  over  two 
candles  per  watt  with  a  lamp  rated  at  3  to  3-5  amperes  at  250 
volts. 

Quartz  tubes,  of  course,  transmit  ultra-violet  radiation  in- 
jurious to  the  eyes,  and  in  general  use  must  be  surrounded  with 
a  glass  globe.  These  ultra-violet  radiations,  although  injurious 
to  the  eyes,  are  useful  for  photographic  and  other  purposes. 

Most  commercial  mercury  lamps  have  a  magnetic  arrange- 
ment for  tilting  them  when  current  is  started,  and  so  striking 
the  arc  automatically.  A  novel  method  for  starting  the  arc  has 
recently  been  patented  by  J.  S.  Anderson  and  G.  B.  Burnside. 
They  have  a  heating  coil  in  series  with  the  lamp,  in  a  recess  in 
the  tube  near  one  electrode.  Owing  to  the  form  of  the  tube 
this  coil  vaporises  some  mercury,  and  so  breaks  the  column. 

Before  leaving  the  mercury  arc  it  should  be  stated  that  it 
is  claimed  for  the  green  colour  that  it  is  soothing.  A  curious 
instance^  about  which  one  would  like  to  hear  more,  is  cited 
in  support  of  this  in  the  article  by  Maurice  Leblanc  (loc.  cit.}. 
He  states  that  in  a  certain  department  in  Messrs.  Lumiere's 
factory,  at  Lyons,  red  lights  were  employed.  They  had  a  bad 
psychological  effect ;  the  staff  was  "  ingouvernable."  Green 
light  was  then  substituted  with  the  best  results. 


CHAPTER  X 


THE  LIGHT  OF  THE  FUTURE. 

We  have  considered  all  the  principal  means  of  producing 
artificial  light,  and  have  seen  that  the  radiant  efficiency  prob- 
ably in  no  case  exceeds  10  per  cent,  and  that  the  luminous 
efficiency  in  the  most  favourable  case  probably  does  not  exceed 
5  per  cent.  That  is,  our  lamps  do  not  succeed  in  transforming 
more  than  one-twentieth  of  the  energy  supplied  to  them  into 
light.  As  energy  transformers  they  are  very  poor,  and  their 
inefficiency  in  this  respect  has  been  commented  on  on  all  sides. 

If  we  consider  the  data  of  the  preceding  chapters,  we 
see  that  what  progress  has  been  made  has  been  in  three 
directions  ;  first,  in  the  direction  of  higher  temperatures  ; 
second,  in  using  substances  with  selective  emission  ;  and,  third, 
by  employing  luminescence  as  well  as  temperature  radiation. 
Flames,  the  carbon  glow  lamp  and  the  pure  carbon  arc,  are, 
speaking  generally,  all  cases  of  the  pure  temperature  radiation 
of  solid  carbon,  their  relative  efficiency  being  due  solely  to  the 
difference  of  temperature.  Carbon  is  approximately  a  black 
body.  The  superiority  of  the  metal  filament  lamp  over  the 
carbon  glow  lamp  is  due  partly  to  its  higher  temperature  and 
partly  to  the  shape  of  its  energy  curve.  All  metals  have  a 
region  of  strong  reflection  in  the  infra-red,  and  this  diminishes 
their  emission  in  these  wave-lengths.  The  efficiency  of  the 
Welsbach  mantle  is  due,  on  the  other  hand,  to  its  selective 
emission  ;  the  energy  curve  has  two  chief  maxima,  and  one  of 
them  falls  near  the  visible  spectrum. 

Further  progress  could,  therefore,  be  made  by  pushing  the 
temperature  still  higher  and  by  looking  for  substances  with 
more  favourable  selective  emission.  But,  as  the  temperature 
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of  the  arc  is  the  melting  point  of  carbon,  it  is  doubtful  if  we  can 
get  higher  temperatures  than  those  in  use  at  present.  The  fact 
that  there  are  higher  temperatures  in  the  sun  is  no  reason  that 
we  can  get  them  here.  It  is  difficult  to  say  how  far  progress 
can  be  made  by  finding  substances  with  a  more  •  favourable 
selective  emission.  Auer  von  Welsbach,  it  is  well  known,  tried 
different  substances  before  choosing  the  ceria-thoria  mixture, 
and  there  is  little  doubt  that  the  scientists  connected  with  the 
manufacture  of  the  Welsbach  mantles  and  Nernst  filaments  will 
have  information  on  this  point  not  accessible  to  the  general 
public.  Two  facts  can,  however,  be  stated  about  selective 
emission.  The  substances  which  show  it  in  a  most  marked 
degree  are  the  oxides  of  the  rare  earths.  If  a  combination  of 
the  rarer  of  these  is  found  suitable  there  will  always  be  the 
expense  and  labour  of  purifying  them,  which  is  an  extremely 
.lengthy  process.  Again,  all  substances  showing  selective 
emission  tend  to  radiate  like  the  black  body  on  being  raised  to 
high  temperatures — witness  the  Nernst  glower. 

Leaving  temperature  radiation  and  turning  our  attention  to 
sources  in  which  there  is  luminescence,  we  find  two  in  the 
number  we  have  considered — namely,  the  chemical  arc  and  the 
mercury  arc.  From  both  of  these  there  is  still,  however,  a 
considerable  amount  of  temperature  radiation,  and  tempera- 
ture radiation  apparently  always  means  waste  dark  heat.  The 
ideal  which  the  illuminating  engineer  has  before  him  is  cold 
light,  light  without  heat,  a  source  which  fulfils  the  definition 
of  the  perfect  artificial  illuminant  set  up  in  the  first  of  these 
studies,  having  an  energy  curve  similar  to  the  energy  curve  of 
average  daylight,  but  stopping  abruptly  at  both  ends  of  the 
visible  spectrum.  This  would  be  cold  light,  as  the  source 
would  radiate  no  other  energy  but  that  absolutely  necessary  for 
the  light  production. 

Now,  how  is  this  cold  light  to  be  obtained  ?  In  popular 
lectures  on  this  subject  it  is  usual  at  this  point  for  the  lecturer 
to  refer  to  the  vacuum  tube  and  to  fluorescence  as  supplying 
indications  of  the  directions  in  which  progress  is  eventually  to 
be  made.  This  statement  is,  of  course,  useful  from  the  point 
of  view  of  the  lecturer,  as  it  supplies  an  occasion  for  a  pic- 
turesque display  of  vacuum-tube  pyrotechnics  and  for  a 
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reference  to  the  firefly  as  the  cheapest  source  of  light.  What 
grounds  are  there  for  the  truth  of  the  statement  ? 

Let  us  first  of  all  take  the  case  of  the  vacuum  tube.  As  the 
readers  of  this  chapter  are  doubtless  aware,  it  has  been  developed 
as  a  commercial  illuminant  by  Mr.  D.  McFarlan  Moore.  But 
before  describing  his  method,  we  shall  take  some  of  the  older 
results.  Formerly,  the  vacuum  tube  was  thought  to  have  a 
very  high  temperature.  More  recent  papers,  in  particular 
those  of  E.  Warburg  ("Tiber  Warmeleitung  und  Temperatur 
derin  Geisslerschen  Rohren  leuchtenden  Gase,"  Wied.  Ann., 
54,  p.  265,  1895)  and  R.  W.  Wood  ("  Experimented  Bestim- 
mung  der  Temperatur  in  Geisslerschen  Rohren,"  Wied.  Ann., 
59,  pp.  238-251,  1896),  have  shown  that  the  temperature  is,  on 
the  contrary,  very  low.  On  the  assumption  that  all  the  electric 
energy  consumed  reappeared  as  heat,  Warburg  calculated  that 
in  a  certain  hydrogen  tube  the  temperature  at  no  point  could 
exceed  133°C.  Wood  placed  a  bolometer  consisting  of  a 
2  cm.  long  spiral  of  platinum-iridium  wire  inside  a  nitrogen 
tube  and  read  the  temperature  when  the  current  and  pressure 
were  varied.  The  current  was  direct  current  from  a  battery  of 
600  accumulators  giving  1,250  volts.  The  bolometer  was  also 
moved  along  the  tube  and  the  temperature  read  at  different 
points.  In  carrying  out  this  part  of  the  investigation  the 
Geissler  tube  was  formed  from  the  Torricellian  vacuum  of  a 
barometer  and  the  bolometer  entered  through  the  mercury 
column.  Wood's  results  showed  a  temperature  inside  the  tube 
oi  the  order  of  30°C.  to  40°C.  Therefore,  in  one  sense  at  least, 
light  from  the  vacuum  tube  is  cold  light. 

The  efficiency  of  vacuum  tube  radiation  has  been  studied  by 
G.  Staub  (Inaug.  diss.  Zurich,  1890),  K.  Angstrom  ("  Bolo- 
metrische  Untersuchungen  uber  die  Starke  der  Strahlung 
verdiinnter  Gase  unter  dem  EinfLusse  der  electrischen  Ent- 
ladung,"  Ann.  d.  Phys.,  48,  p.  493,  1893)  and  E.  R.  Drew 
("  The  Luminous  Efficiency  of  Vacuum  Tube  Radiation," 
Phys.  Rev.,  17,  p.  321,  1903).  Staub  placed  the  tube  in  a 
transparent  ice  calorimeter,  and  noted  the  heat  given  out  when 
two  or  three  Leyden  jars  were  discharged  through  it.  The 
tube  was  then  covered  with  opaque  varnish,  and  the  experi- 
ment repeated.  In  this  case  the  total  energy  given  out  was 
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measured.  The  result  showed  that  20  to  30  per  cent,  of  the 
energy  escaped  when  the  tube  was  transparent. 

Angstrom's  investigation  is  more  important  for  our  purpose, 
and  so  it  must  be  described  at  more  length.  Four  gases  were 
experimented  on — oxygen,  hydrogen,  nitrogen  and  carbon 
dioxide. 

The  vacuum  tubes  were  used  both  with  an  induction  coil  and 
a  battery  of  800  accumulators.  The  P.D.  and  the  current  in 
the  vacuum  tube  were  measured  respectively  with  a  quadrant 
electrometer  and  a  highly  insulated  dead  beat  galvanometer. 
The  vacuum  tube  had  rock-salt  windows.  The  radiation  was 
measured  by  a  bolometer,  and  was  standardised  by  means  of 
Angstrom's  pyrheliometer,  so  that  the  readings  could  be  inter- 
preted in  cals./cm2  seconds.  The  investigations  showed  that 
as  long  as  the  pressure  was  constant,  the  radiation  was  pro- 
portional to  the  current,  except  for  high  currents  when  the 
gases  underwent  permanent  changes.  Also,  as  long  as  the 
pressure  was  constant,  the  distribution  of  the  energy  through- 
out the  spectrum  was  independent  of  the  current.  The  varia- 
tion of  the  radiant  efficiency  with  the  pressure  was  therefore 
studied,  the  bolometer  reading  being  taken  when  the  free 
radiation  of  the  gas  was  measured  and  when  the  radiation  was 
measured  through  a  plate  of  alum  3-95  mm.  thick.  The 
radiation  from  the  walls  of  the  tube  was  eliminated  by  taking  a 
cooling  curve,  in  somewhat  the  same  way  as  was  afterwards 
followed  by  Geer.  The  behaviour  of  the  four  gases  was  widely 
different,  and  the  total  radiation  stood  in  no  apparent  relation 
to  the  absorption  of  the  gas  at  ordinary  temperatures.  For 
small  P.D.  the  radiant  efficiency  was  found  in  some  cases  to  be 
very  large.  For  example,  for  nitrogen  it  had  a  value  about 
90  per  cent. ;  the  luminous  efficiency  had,  however,  a  value  of 
about  only  8  per  cent. 

Drew  in  his  investigations  employed  a  radiometer  and  a 
vacuum  tube  with  fluorite  windows.  He  used  a  1  cm.  water 
cell  to  absorb  the  dark  heat,  and  air  was  the  only  gas  experi- 
mented on.  The  value  found  for  the  radiant  efficiency  at  a 
pressure  of  1  mm.  was  approximately  20  per  cent.  An  energy 
curve  of  a  tube  taken  with  rock-salt  prism  and  radiometer  is 
also  given  in  his  paper. 
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The  Moore  vacuum  tube  has  been  described  in  a  paper  by 
the  inventor  to  the  American  Institute  of  Electrical  Engineers, 
an  abstract  of  which  is  given  by  THE  ELECTEICIAN  (Vol.  LIX., 
p.  342).  There  is  also  an  article  by  Prof.  J.  A.  Fleming 
(Illuminating  Engineer,  Vol.  I.,  p.  19)  giving  photographs 
of  several  installations,  including  the  well-known  one  at  the 
Savoy  Hotel,  London,  and  also  describing  a  test  of  the  efficiency 
of  the  latter.  Finally,  there  is  an  account  of  some  tests  made 
on  it  by  Prof.  Wedding  at  Charlottenburg  (THE  ELECTRICIAN, 
Vol.  LXV.,  p.  763). 

When  a  vacuum  tube  has  been  run  some  time  it  becomes 
"  hard " — that  is,  the  vacuum  becomes  higher.  The  gas 
seems  to  be  absorbed.  This  is  a  well-known  fact  in  connection 
with  Rontgen  bulbs.  Mr.  D.  McFarlan  Moore,  who  had  in 
1907  been  experimenting  12  years  with  his  tubes,  has  tried  four 
methods  of  replenishing  the  gas.  In  the  method  finally  adopted 
there  is  a  side  tube  closed  by  a  porous  carbon  plug,  which  is 
covered  with  mercury  when  a  plunger  is  lowered.  When  the 
plug  is  uncovered  gas  diffuses  into  the  tube  through  the  carbon  ; 
when  the  plug  is  covered  no  gas  can  enter.  If  the  pressure  in 
the  tube  diminishes  its  conductivity  increases.  Consequently, 
the  current  increases  and  the  increase  in  the  current  actuates 
the  plunger.  The  degree  of  vacuum  required  is  0-10  mm. 
This  automatic  feeding  arrangement  keeps  the  pressure  con- 
stant to  0-01  mm. 

The  tubes  vary  in  length  from  about  40  ft.  to  220  ft.,  and 
are  about  2  in.  in  diameter.  The  ends  are  equipped  with 
graphite  electrodes,  are  brought  together  and  connected  to  the 
high-tension  terminals  of  a  small  transformer,  which,  together 
with  the  terminals  and  the  feeder  valve  described  above,  is 
contained  in  a  small  iron  box.  There  are  thus  no  exposed 
high-tension  currents.  The  voltage  employed  varies  from 
10,000  to  12,000  volts,  depending  on  the  length  of  the  tube. 
The  current  is  about  0-3  ampere. 

A  great  advantage  of  the  Moore  tube  is  the  small  intrinsic 
brightness  (0-2  hefner  per  square  centimetre),  which  enables 
it  to  be  used  without  any  arrangement  for  diffusing  the  light. 
Also,  owing  to  the  length  of  tube  employed,  we  have  a  shadow- 
less  illumination.  If  carbon  dioxide  be  the  gas  employed, 
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the  colour  is  saicT  to  be  nearer  sunlight,  and  hence  more 
suitable  for  colour  discrimination  than  any  other  artificial 
illuminant. 

Prof.  Fleming  found  that  the  tube  installed  at  the  Savoy 
required  1-78  watts  per  candle  ;  Prof.  Wedding,  in  his  tests, 
finds  1-53  watts  per  candle.  These  figures  include  the  losses 
in  the  transformer.  Prof.  Wedding  in  his  tests  replaced  the 
Moore  tube  by  42  tantalum  lamps,  which  consumed  exactly 
the  same  power,  and  found  that  the  average  illumination  was 
about  the  same  in  each  case. 

The  nature  of  the  gas  in  the  tube  is  important.  According 
to  Mr.  Moore,  nitrogen  gives  20  times  as  much  light  as  hydrogen 
and  twice  as  much  light  as  carbon  dioxide  for  the  same  expen- 
diture of  energy. 

According  to  a  recent  paper  by  M.  Georges  Claude  (Comptes 
Rendus,  151,  p.  1122,  1910  ;  see  note  "  Athenaeum,"  January 
14,  1911),  neon  is  more  suitable  than  nitrogen.  Finding  him- 
self with  large  quantities  of  neon  at  his  disposal,  as  a  by- 
product from  the  commercial  manufacture  of  liquid  air,  he  has 
worked  out  a  system  of  artificial  lighting  by  its  means.  Using 
tubes  6  metres  long  and  4-5  cm.  in  diameter,  he  obtains  0-80 
watt  per  candle,  and  expects  to  reduce  this  to  0-50  watt  per 
candle  by  using  longer  tubes.  These  figures  include  the  losses 
in  the  transformer.  Neon  is  remarkable  for  its  small  dielectric 
resistance.  The  voltage  used  with  the  above  tubes  was  1,000 
volts ;  if  nitrogen  is  employed  instead  of  neon,  3,000  volts  are 
required. 

In  view  of  the  results  obtained  by  Moore  and  Claude,  the 
vacuum  tube  must  be  said  to  promise  exceedingly  well.  The 
efficiency  in  watts  per  candle  hitherto  attained,  it  is  true,  is 
not  better  than  that  given  by  some  other  sources,  but  the  whole 
method  is  yet  in  its  infancy,  and  there  is  room  for  a  vast  amount 
of  experimenting.  We  have  no  data  on  the  energy  spectra 
of  vacuum-tube  radiation  beyond  what  is  cited  in  this  chapter, 
but  the  vacuum-tube  is  not  like  temperature  radiation  ;  there 
is  no  a  priori  reason  why  the  maximum  of  its  radiation  should 
lie  in  the  infra-red ;  and  there  surely  must  be  some  gas,  or 
mixture  of  gases,  which  gives  a  maximum  of  radiation  in  the 
visible  spectrum  under  some  conditions  of  pressure  and 
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temperature  and  current  density.  As  far  as  we  are  aware,  only 
three  or  four  gases  have  been  tried  yet,  and  their  possibilities 
have  been  by  no  means  exhausted. 

One  point  deserves  mention.  Once  the  dielectric  resistance 
is  broken  down,  a  high  voltage  is  not  necessary,  and  the 
vacuum  tube  may  work  with  a  low  voltage  and  large  current, 
provided  it  does  not  crack.  There  is  no  sharp  distinction 
between  the  arc  and  the  vacuum  tube.  But  by  analogy  with 
the  arc,  with  low  voltages,  there  must  be  high  temperatures, 
and  consequently  large  conduction  and  convection  losses. 

Before  leaving  the  subject  of  vacuum  tubes,  it  ought  to  be 
mentioned  that  Honig  (Martin  Honig,  "  Optischer  Nutzeffekt 
electrodenloser  Vacuumrohren,"  Inaug.  diss.  Kostock,  1901), 
in  a  paper  to  which  I  have  been  unable  to  get  access,  is  cited 
as  obtaining  2-21  watts  per  candle  with  an  electrodeless 
mercury  vacuum  tube.  Also  H.  Ebert  states  ("  Die  okono- 
mischsten  Lichtquellen,"  Eder's  Jahrb.  f.  Photogr.,  9, 
pp.  47-49,  1895  ;  also  "  Uber  lang  andauernde  electrische 
Schwingungen  und  ihre  Wirkungen,"  Ann.  d.  Phys.,  53, 
p.  144,  1894)  that  he  has  obtained  4V  candle  from  about  10~6 
watts,  the  light  being  produced  by  exposing  the  vacuum  tube 
to  very  slowly  damped  Hertzian  waves.  This  is  equal  to 
25,000  candles  per  watt !  Full  details  are  not  given  as  to 
how  the  watts  were  calculated.  The  difficulties  of  obtaining 
the  energy  consumed  are  certainly  very  great  in  the  case  in 
question.  No  faith  can  be  placed  in  the  result. 

Let  us  now  turn  our  attention  to  fluorescence.  This  has  been 
mentioned  by  different  people  as  a  property  of  matter  which 
may  ultimately  be  put  to  practical  use  for  illumination.  H.  G. 
Wells,  with  that  skill  of  his  with  which  he  seizes  on  a  tendency 
or  idea  of  modern  civilisation  and  lets  us  see  it  is  his  novels 
crystallised  into  a  fact  in  the  future,  has  dealt  also  with  artificial 
illumination.  In  "  The  First  Men  on  the  Moon  "  the  inhabi- 
tants of  the  moon  illuminate  their  caverns  by  fluorescence.  A 
fluorescent  fluid  was  made  by  machinery  and  dripped  lumi- 
nously into  a  tank  of  light.  It  was  a  cold  blue  light,  a  sort 
of  phosphorescent  glow,  but  infinitely  brighter,  and  from 
the  tanks  into  which  it  fell  it  ran  in  conduits  athwart  the 
cavern.  When  it  splashed  on  the  feet  of  the  two  earth-men 
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it  felt  quite  cold  and  made  their  feet  luminous  for  a  long  time 
afterwards. 

This  is  no  doubt  very  inspiring.  Let  us  see  what  there  is 
to  warrant  it. 

If  when  light  is  incident  on  a  substance  it  causes  it  to  emit 
light  of  a  wave-length  different  from,  and  not  necessarily  longer 
than,  the  wave-length  of  the  incident  light,  the  substance  is 
said  to  be  fluorescent.  If  the  light  from  the  substance  persists 
for  a  short  time  after  the  incident  light  is  cut  off,  the  substance 
is  said  to  be  phosphorescent.  Phosphorescence  in  this  sense 
is  quite  different  from  the  glow  emitted  by  phosphorus,  which 
is  due  to  slow  chemical  action.  During  fluorescence  and 
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FIG.  13. 

phosphorescence  the  chemical  state  of  the  substance  does  not 
change.  Examples  of  fluorescent  substances  are  solutions  of 
sulphate  of  quinine,  chlorophyl  and  fluorescein.  The  diffi- 
culty in  observing  fluorescent  light  lies  in  obtaining  it  pure  and 
unmixed  with  the  exciting  light,  as  the  latter  is  usually  much 
stronger.  If  the  fluorescence  emitted  by  any  substance  is 
compared  with  the  light  from  a  glow  lamp  by  means  of  a 
spectrophotometer  it  is  found  to  have  a  well-defined  maximum, 
usually  falling  away  to  zero  on  each  side  at  points  within  the 
visible  spectrum.  The  curve  in  Fig.  13,  which  is  for  a  piece  of 
uranium  glass,  has  been  obtained  in  this  way  (R.  A.  Houstoun, 
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"  A  Negative  Attempt  to  detect  Fluorescence  Absorption," 
Proc.  Roy.  Soc.,  Edin.,  29,  p.  401,  1909).  Fluorescent 
spectra  are  much  too  weak  to  measure  with  a  thermopile  or 
radiometer,  but  if  the  energy  curve  of  the  comparison  source 
is  taken  the  energy  curve  of  the  fluorescence  may  be  obtained. 
Energy  curves  for  fluorescein  in  water,  and  eosin  and  resorufin  in 
alcohol,  have  recently  been  taken  in  this  way  by  E.  L.  Nichols  and 
E.  Merritt,  the  comparison  source  being  an  acetylene  flame 
("  Studies  in  Luminescence,  XI.  The  Distribution  of  Energy 
in  Fluorescence  Spectra,"  Phys.  Rev.,  30,  p.  328,  1910). 

Now,  according  to  these  energy  curves,  the  energy  of  fluores- 
cence lies  within  the  visible  spectrum  and  in  some  cases  in  it& 
most  luminous  region.  Before  jumping  to  the  conclusion,, 
however,  that  we  have  here  the  end  of  our  quest,  there  are  one 
or  two  facts  to  be  considered.  We  do  not  know  that  there  is  no 
energy  radiated  in  the  infra-red.  There  is  only  one  research 
bearing  on  this  subject,  the  well-known  investigation  of  Lang- 
ley  and  Very  ("On  the  Cheapest  Form  of  Light,  from  Studies 
at  the  Allegheny  Observatory,"  Amer.  Journ.  of  Sc.,  (3)  40, 
p.  97, 1890)  on  the  light  of  the  Cuban  firefly,  the  Pyrophorus 
Noctilucus.  The  insect's  light  was  examined  spectrophoto- 
metrically,  and  the  following  table  gives  its  brightness  for 
different  wave-lengths  when  compared  with  an  Argand  flame : — 

Wave-length  p.   049   0-51    0-53   0-54   0-56   0-58    0-59   0-60 

Brightness  0-02   0-21    0-34   0-37   0-24   0-19   0-17   0-09 

It  has  thus  a  well-defined  maximum  in  the  middle  of  the 
spectrum. 

An  attempt  was  then  made  with  a  very  sensitive  bolometer 
to  measure  the  heat  which  the  insect  radiated  in  the  infra-red. 
A  glass  plate  was  used  to  cut  out  the  animal  heat  that  would  be 
radiated,  whether  the  insect  was  luminous  or  not.  The  effect 
observed  then  was  very  much  less  than  the  effect  produced  by 
other  light  sources  of  equal  area  and  equal  brightness.  Further 
work  was  done  on  the  subject  in  1902  ("Annals  Astrophys. 
Obs.,"  2,  p.  5),  but  no  heating  could  be  detected  by  the  bolo- 
meter in  spite  of  its  very  great  sensitiveness.  Langley  con- 
cluded from  his  work  that,  apart  from  the  heat  due  to  animal 
processes,  the  firefly's  radiation  was  all  light,  and  that  it  was 
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consequently  the  cheapest  form  of  light.  He  drew  the  conclu- 
sion that,  what  Nature  could  do  on  this  small  scale,  man  must 
be  eventually  capable  of  doing  on  a  larger  scale,  and  that  there 
was  no  reason  why  we  should  be  satisfied  with  our  present 
inefficient  means  of  producing  light.  '- 

The  energy  curve  of  another  firefly,  the  Pliotinus  Pyralis,  has 
recently  been  obtained  photographically  by  W.  W.  Coblentz 
.and  H.  E.  Ives  ("  Luminous  Efficiency  of  the  Firefly,"  Bull., 
Bureau  of  Standards,  6,  p.  321,  1910).  It  also  descends  to  zero 
on  both  sides  at  points  well  within  the  visible  spectrum,  but 
they  made  no  thermal  measurements,  so  that  the  work  of 
^  4  Langley  and  Very  on  the*fcf&ei«ficy  of  the  process  that  is  taking 

place  stands  alone.  Laii^ley's  reputation  as  a  physicist  is  a 
great  one,  and  there  is  nothing  to  take  exception  to  in  his  paper. 
His  results  were  negative,  however,  and  the  quantities  of  heat 
involved  extremely  small.  I  think,  therefore,  that  the  experi- 
ment is  worth  repeating,  especially  as  Prof.  Konen,  who  con- 
tributes the  section  on  phosphorescence  and  fluorescence  to 
Kayser's  "  Spectroscopie,"  states  at  p.  656,  vol.  IV.,  of  the 
latter  book  that  the  light  of  the  firefly  is  probably  not  due  to 
true  phosphorescence,  but  to  a  slow  chemical  change.* 

Apart  altogether  from  the  firefly,  it  would  be  extremely  in- 
teresting to  get  a  determination  of  the  efficiency  of  the  ordinary 
process  of  producing  fluorescence  in  the  laboratory — namely, 
by  exposing  the  fluorescent  substance  to  the  ultra-violet  radia- 
tion from  a  spark-gap.  We  wish  to  know  if  the  fluorescence  is 
so  faint  merely  because  the  ultra-violet  light  radiated  in  one 
direction  is  emitted  by  the  substance  in  all  directions,  or 
whether  the  energy  of  the  ultra-violet  radiation  is  also  con- 
sumed in  some  other  way.  All  fluorescence,  both  the  line 
fluorescence  of  vapours  and  the  banded  fluorescence  of  solids 
and  liquids,  is  extremely  faint,  but  it  should  be  possible  to  get  a 
rough  answer  to  the  question  by  a  combination  of  photometric 
and  energy  measurements.  Then  it  would  be  easier  to  pro- 


*  bince  the  above  was  written  a  paper  has  been  published  (H.  E. 
Ives,  "  Further  Studies  of  the  Firefly,"  Phys.  Rev.  31,  p.  637,  1910)  in 
which  the  author  points  out  a  deficiency  in  Langley's  method  and 
makes  an  attempt  to  detect  the  infra-red  radiation  from  fireflies  by  its 
extinguishing  effect  on  phosphorescence.  He  concludes  that  his 
experiments  render  Langley's  results  more  probable. 
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nounce  an  opinion  on  the  prospects  of  fluorescence.  But  in 
dealing  witli  a  subject  of  this  sort  one  can  hardly  be  too 
cautious  ;  there  is  no  saying  what  unexpected  direction  pro- 
gress may  take.  And,  from  the  nature  of  the  field,  it  is 
exceedingly  likely  that  the  step  forward  will  follow  from  some 
investigation  undertaken  with  another  purpose  altogether. 

In  any  case,  if  ultra-violet  radiation  can  be  transformed 
efficiently  into  light,  it  will  be  easy  to  produce  the  ultra-violet 
radiation  efficiently.  Pfliiger  ("  Die  Anwendung  der  Ther- 
mosaule  im  Ultra violett  und  die  Energieverteilung  in  den 
Funkenspektren  der  Metalle,"  Ann.  d.  Phys.,  (4)  13,  p.  890, 
1901)  has  discovered  that  the  maximum  emission  of  energy 
in  the  spark  spectra  of  metals  takes  place  far  in  the  ultra- 
violet. Our  photographic  plates  between  0-200  and  O-300/i, 
have  apparently  not  been  so  very  sensitive.  It  is  only  the 
great  quantity  of  energy  in  the  lines  there  that  has  enabled  us 
to  obtain  photographs  at* all.  The  following  table  is  taken 
from  Pfliiger's  paper.  The  spark-gap  was  about  3  mm.  long, 
it  was  fed  from  an  induction  coil  with  hammer  interrupter, 
and  was  connected  up  with  one  Leyden  jar.  The  infra-red 
beyond  0-580/x  was  separated  out  with  a  red  glass  filter  and  the 
region  0-280-0- 180/x  with  a  Uviol  glass  filter. 

Distribution  of  the  Energy  in  the  Spark  Spectra  of  Metals. 


Metal. 

E/3gion.                                  Of 

Infra-  red  to  0-580/x 

0-580-0-280/x. 

0-280-0-  180/i. 

Aluminium  ... 
Cadmium  
Zinc 

11-4  pei 
9-7 
11-0 
3-6 
5-0 
7-0 
15-0 
13-1 
21-2 
18-7 
26-5 
16-0 
17-1 

"  cent. 

26-6  pei 
24-3 
20-8 
16-4 
14-5 
17-7 
28-5 
21-3 
39-3 
37-3 
31-3 
28-0 
27-4 

*  cent. 

62-0  p3i 
66-0 
68-2 
80-0 
80-5 
75-3 
56-5 
65-6 
39-5 
44-0 
42-2 
56-0 
55-5 

*  cent. 

Iron  

Cobalt  
Nickel 

Silver  
Copper 

Gold  
Tin  

Lead  
Palladium  
Iridium 

Magnesium  ... 

12-3  per  cent. 

0-580-0-330.it 
20-6  per  cent. 

0-330-0-  180/* 
67-0  per  cent. 

CHAPTER  XL 


ON  THE  ABSOLUTE  MEASUREMENT  OF  LIGHT: 
A  PROPOSAL  FOR^  AN  ULTIMATE  LIGHT  STANDARD.* 

The  measurement  of  the  intensity  of  a  source  of  light  is,  it 
is  well  known,  a  somewhat  unsatisfactory  process.  The  eye 
cannot  estimate  light  intensity  ;  it  can  only  tell  when  the 
illumination  of  two  adjacent  surfaces  is  equal.  If,  for  example, 
we  desire  to  measure  the  intensity  of  a  metal  filament  lamp,  we 
compare  it  with  a  Hefner  lamp  and  say  that  the  intensities  are 
inversely  as  the  squares  of  the  distances  from  the  photometer 
head,  when  equal  illumination  is  obtained.  In  strictness, 
however,  this  method  is  applicable  only  when  the  colours  of 
the  two  sources,  or  more  accurately  when  the  distribution  of 
energy  in  the  spectra  of  the  two  sources,  is  exactly  the  same  ; 
for  the  relative  luminosity  of  the  different  colours  of  a  spectrum 
varies  with  the  intensity  of  that  spectrum.  Abney  has  two 
well-known  curves  illustrating  this.f  One,  which  represents 
the  relative  luminosity  of  the  different  colours  of  a  spectrum 
at  ordinary  intensity,  has  a  maximum  in  the  orange  ;  the  other, 
which  is  for  a  spectrum  with  the  same  distribution  of  energy, 
but  with  an  intensity  of  less  than  1/100  candle-foot,  has  its 
maximum  in  the  green.  If,  therefore,  we  have  an  extremely 
long  photometer  bench,  and  an  experimenter  with  normal 
colour  vision  compares  the  intensities  of  the  metal  filament 
lamp  and  the  Hefner  lamp,  at  first  placing  the  Hefner  lamp  1  ft. 
from  the  photometer  head  and  afterwards  placing  it  more  than 

*  This  chapter  appeared  at  first  in  the  Proc.  Hoy.  Soc.,  A. 
85,  p.  275,  but  after  it  was  printed  P.  G.  Nutting  published  a 
recalculation  of  Konig's  data,  which  necessitates  alterations  in  the  original 
paper.  These  alterations,  as  well  as  a  few  amplifications,  have  been 
made  here. 

•\  "  Colour  Vision,"  p.  103. 
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100  ft.  from  the  latter,  he  should  not  obtain  the  same  result 
both  times.  In  the  first  case,  owing  to  the  reddish  tint  of  the 
Hefner  lamp,  the  intensity  of  the  metal  filament  lamp  should 
appear  less.  If,  again,  a  second  observer,  whose  colour  vision 
is  slightly  abnormal,  compares  the  lamps  at  the  first  distance, 
he  gets  a  third  result. 

Of  course,  the  difficulty  does  not  arise  in  practice,  because  the 
sources  to  be  compared  have  usually  the  same  colour  and  the 
illumination  of  the  field  of  the  photometer  does  not  vary  over 
a  wide  range.  Still,  a  standard  unit  of  light  should  meet  all 
conceivable  cases,  and  we  are  at  present  unable  to  state  satis- 
factorily in  terms  of  our  standards,  once  for  all,  the  candle- 
power  of,  for  example,  a  mercury  vapour  lamp.  In  order  to  be 
definite  we  must  specify,  first  of  all,  normal  colour  vision  on 
the  part  of  the  observer,  and  then  we  must  state  the  illumina- 
tion of  the  fields  he  compares.  It  is,  of  course,  the  Purkinje 
effect,  the  change  from  rod  to  cone  vision,  that  causes  all  this 
trouble.  And  it  is  precisely  within  the  range  of  illumination  in 
common  use,  1  to  100  metre-candles,  that  this  change  from  rod 
to  cone  vision  takes  place. 

I  think  it  is  now  possible  to  place  the  photometry  of  different 
coloured  lights  on  an  exact  footing,  at  least  as  far  as  ultimate 
measurements  are  concerned,  by  removing  it  out  of  the  field  of 
physiology  altogether  into  the  field  of  electricity,  which  is  a 
much  more  exact  science. 

Why  can  we  not  measure  candle-power  by  means  of  a  thermo- 
pile ?  Simply  because  the  thermopile  measures  the  total 
energy  radiated,  irrespective  of  wave-length.  The  energy  of 
every  radiation  receives  the  same  value.  Now,  infra-red  and 
ultra-violet  radiations  produce  no  effect  at  all  on  the  eye,  and 
the  light-producing  effect  of  the  same  quantity  of  energy  is 
much  greater  in  the  middle  of  the  spectrum  than  at  its  ends. 
If  we  place  in  front  of  the  thermopile  a  light  filter  which  has  the 
property  of  stopping  entirely  all  the  infra-red  and  ultra-violet 
radiation  and  of  cutting  down  the  energy  of  the  visible  spec- 
trum in  inverse  ratio  to  its  light-producing  effect,  that  is,  if  we 
weight  each  radiation  according  to  its  visibility,  then  the  deflec- 
tions will  be  proportional  to  the  light  received.  This  combina- 
tion of  filter  and  thermopile  is  then  a  kind  of  electric  eye,  which 
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has  a  property  that  the  human  eye  has  not,  namely,  the  pro- 
perty of  registering  the  intensity 'of  the  light  to  which  it  is 
exposed.* 

The  relative  visibility  of  light  of  different  wave-lengths  for 
different  intensities  of  that  light  has  as  yet  been  determined 
only  for  one  eye,  namely,  that  of  Prof.  A.  Konig,  and  the  results 
are  given  in  the  following  very  convenient  table,  which  we 
borrow  from  a  paper  by  P.  G.  Nutting,  j-  The  second  horizontal 
row  gives  the  illumination  in  metre-candles : — 


T 

A 

B 

C 

D    \    E    |     F 

G       H 

0-00024  0-00225 

0-0360 

0-575 

2-30  i9-22    36-9 

147-6  590-4 

1 

'  0-430/i 

0-081       0-093 

0-127 

0-128 

0-1140-114      ... 

0-450 

0-33 

0-30 

0-29 

0-31 

0-23  .0-175  0-16 

0-470 

0-63 

0-59 

0-54 

0-58 

0-51     0-29    0-26 

0-23 

0-490 

0-96 

0-89 

0-76 

0-89 

0-83  ;0-50  10-45 

0-38     0-35 

0-505 

1-00 

1-00 

1-00 

1-00 

0-99  '0-76    0-66 

0-61     0-54 

0-520 

0-88 

0-86 

0-86 

0-94 

0-99  JO-85  !0-85  (0-85 

0-82 

0-535 

0-61 

0-62 

0-63 

0-72 

0-91  '0-93   !0-98  iO-99 

0-98 

0-555 

0-26 

0-30       i  0-34 

0-41 

0-62    0-84    0-93 

0-97 

0-98 

0-575 

0-074 

0-102     i  0-122 

0-168  0-39  !0-63  i  0-76  1  0-82 

0-84 

0-590 

0-025 

0-034 

0-054 

0-091  0-27     0-49  i  0-61 

0-68 

0-69 

0-605 

0-003 

0-012 

0-024 

0-056  0-173  0-35  j  0-45 

0-54 

0-55 

0-625 

0-004 

0-004 

0-011 

0-027  0-098  0-20  10-27 

0-35 

0-35 

0-650 

0-000 

0-000     j  0-003 

0-007  0-025  0-060  0-035 

0-122  0-133 

0-670 

0-000 

0-000     1  0-001 

0-002  0-007;  0-017  0-025 

0-030 

0-030 

A  max. 

0-503 

0-504 

0-504  |  0-508  0-513JO-530i  0-541 

0-543 

0-544 

Prof.  Konig' s  colour  vision  was  normal,  and  so  in  default  of 
other  data  we  can  take  this  table  as  applying  to  the  average 

*  After  writing  this  chapter  my  attention  was  called  to  the  fact  that  an 
attempt  to  put  this  method  into  practice  has  already  been  made  by  Ch. 
Fery  ("  Photometric  a  lecture  directe  :  Rendement  optique  de  quelques 
luminaires,"  Jour,  de  Phys.,  4,  p.  638,  1908).  He  used  a  solution 
of  copper  acetate  in  water  with  a  radiomicrometer,  and  has  selected 
the  same  total  thickness  of  water  as  myself,  namely,  4  cm.  He  has  not, 
however,  gone  into  the  matter  fully,  and  does  not  give  the  fraction  trans- 
mitted by  his  filter  throughout  any  part  of  the  spectrum.  Copper  acetate 
alone  cannot  give  the  proper  absorption  in  the  violet.  I  have  also  used 
a  radiomicrometer,  and  my  experience  is  that  it  is  inferior  in  sensitiveness 
to  the  apparatus  described  in  this  chapter,  although  possessing  the  ad- 
vantages of  simplicity  and  cheapness. 

t  "  The  Visibility  of  Radiation :  A  Recalculation  of  Konig's  Data." 
Bull.,  Bureau  of  Standards,  7,  p.  238,  1911, 
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human  eye.  As  an  illustration  of  the  use  of  the  table  we  see 
from  column  D,  that  if  an  illumination  of  2-30  metre-candles 
is  to  be  produced  in  succession  by  light  of  wave-length  450  and 
535/x//,  the  energy  required  in  the  two  cases  must  be  as 
91  to  23. 

In  choosing  a  filter  we  must  fix  on  something  capable  of 
accurate  reproduction.  This  rules  coloured  glasses  out  of  the 
question,  unless  they  are  made  under  standard  conditions.  We 
are  therefore  restricted  to  liquids  in  glass  cells.  Commercial 
dyes  of  ill-defined  composition  are  subject  to  the  same  objection 
as  coloured  glasses.  Solutions  of  salts  which  can  be  varied  in 
strength  give  us  more  latitude,  and  are  therefore  to  be  pre- 
ferred to  liquids  of  a  fixed  composition.  A  series  of  researches 
on  the  absorption  of  light  by  aqueous  solutions  of  inorganic 
salts  in  the  ultra-violet,  visible  spectrum,  and  infra-red  is  now 
being  carried  out  in  the  physical  laboratory  of  the  University 
of  Glasgow,  as  a  result  of  which  I  am  in  possession  of  a  con- 
siderable amount  of  data  not  at  present  accessible  to  others, 
and  from  it  I  have  no  hesitation  in  concluding  that  the  most 
suitable  filter  is  a  3  cm.  thickness  of  copper  sulphate  in  water, 
of  concentration  0-200  gramme-molecule  per  litre,  followed  by 
a  1  cm.  thickness  of  potassium  bichromate  of  concentra"  ion 
0-0025  gramme-molecule  per  litre.  I  have  examined  eight 
different  kinds  of  commercial  coloured  glass,  but  none  of  them 
is  of  the  least  use  for  the  purpose,  owing  to  not  stopping  the 
near  infra-red. 

The  absorption  of  light  in  aqueous  solutions  of  inorganic  salts 
obeys  the  following  equation  :  — 


which  also  defines  A,  the  molecular  extinction  coefficient 
of  the  salt  for  the  wave-length  considered.  I0  is  the  initial 
intensity  of  the  light,  I  its  intensity  after  passing  through  a 
thickness  d  of  solution,  d  being  measured  in  centimetres,  and  c 
is  the  concentration  of  the  solution  in  gramme-molecules  per 
litre.  We  may  take  A  as  independent  of  c  except  for  wide 
ranges  and  at  particular  points  in  some  spectra. 

The  following  tables  give  the  values  of  A  for  the  two  salts  in 
question.     The  values  for  the  visible  spectrum  are  taken  from 
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VISIBLE  SPECTRUM.    GRUNBAUM'S  RESULTS. 


X. 

A. 

X. 

CaS045H20 
c-0-6159. 

CuSO45H20 
c  =  0-6io9. 

K2Cr207. 
c-0-003399. 

K2Cr2O7. 
c=0-OJ3399. 

0-4800^ 
0-4917 
0-5003 
0-5086 
0-5209 
0-536 
0-5461 
0-5603 

0-0098 
0-0166 
0-0232 
0-0358 
0-0630 
0-1055 
0-168 
0-273 

62-4 
28-7 
7-24 
3-44 

216-0 
136-0 
92-1 
58-0 
26-2 
6-2 

0-5780/a 
0-5893 
0-6004 
0-6103 
0-6239 
0-6362 
0-6452 
0-6563 

3-472 
0-652 
0-890 
1-160 
1-610 
2-08 
2-456 
3-295 

VISIBLE  SPECTRUM. 


RESULTS  OBTAINED   BY  A.  S.  RUSSELL  AND  THE 
AUTHOR. 


CuS045H20. 


K2O207. 


c. 

X. 

A. 

c.                   X. 

A. 

0-2263 

0-450/x 

0-026 

fi      0-463/x 

394-4 

0-537 

0-122 

)  1      0-471 

322-6 

... 

0-572 
0-590 

0-399 
0-672 

0-00157  « 

0-480 
!      0-489 

251-9 
179-1 

0-598 

0-883 

0-499 

119-3 

,       0-510 

65-69 

^     0-521 

23-47 

0-529 

12-75 

• 

0-537 

7-06 

0-544 

3-69 

... 

0-0392  X 

0-552 

2-11 

1 

0-568 

1-10 

0-588 

0-68 

0-633 

0-46 

(_      0-697 

0-14 

INFRA-RED. 

X. 

A. 

CuS04,  5H20. 
c=  0-034  35. 

X. 

A 

CuS04,  5H20. 
c-0-03435. 

0-684 
0-720 
0-750 
0-794 
0-850 

6-36 
9-8 
11-5 
11-7 
11-1 

0-910 
0-980 
1-07 
1-17 
1-27 

9-1 
7-1 
5-8 
4-1 
3-0 
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ULTRA-\TIOLET. 


CuS04,  5H2O. 

K2O2O7. 

c. 

X.       1         A. 

c. 

X. 

A. 

0-01 

0-267^ 

52-0 

0-0001 

0-241  /.i 

7,160 

0-03 

0-278 

34-0 

... 

0-269 

11,100 

0-05 

0-282 

20-2 

... 

0-284 

7,440 

0-287 

13-0 

0-291 

5,070 

6-io 

0-291 

10-1 

0-300 

2,720 

0-292 

8-6 

0-0005 

0-308 

2,320 

0-296 

6-5 

0-0003 

?  0-316 

2,080 

0-30 

0-299 

3-37 

0-0005 

0-325 

2,320 

>€ 

0-309 

1-48 

0-0001 

0-331 

2,720 

.. 

0-313 

0-78 

0-336 

5,070 

.. 

?  0-322 

0-08 

0-349 

7,440 

... 

?  0-375 

10,000 

0-397 

7,440 

0-0003 

0-410 

3,080 

0-001 

0-416 

1,030 

papers  by  Griinbaum*  and  by  A.  S.  Russell  and  the  author. f 
The  values  for  copper  sulphate  in  the  infra-red  were  obtained 
with  a  linear  thermopile,  the  source  of  light  being  a  Nernst 
glower.  The  values  for  the  ultra-violet  were  obtained  by 
means  of  a  quartz  photometer  of  original  design  which  has 
recently  been  worked  out  by  John  S.  Anderson  and  the  author, 
and  a  full  description  of  which  has  already  been  published.  J 
It  is,  of  course,  impossible  to  give  values  farther  into  the  infra- 
red owing  to  the  absorption  of  water.  At  the  strength  and 
thickness  used  in  the  filter  potassium  bichromate  does  not 
exercise  any  appreciable  absorption  in  the  infra-red. 

The  values  of  Acd  for  the  two  filters  have  been  calculated 
from  the  tables  and  are  shown  in  the  diagram  (Fig.  14).  The 
values  for  copper  sulphate  are  shown  by  Q's  and  the  values  for 
potassium  bichromate  by  X  's  ;  Griinbaum's  values  are  taken 
for  the  copper  sulphate  and  our  own  for  the  potassium  bi- 
chromate. The  smooth  curve  is  the  sum  of  the  ordinates  for 
each  salt.  The  logarithms  of  the  column  E  in  Nutting's  table 
were  then  calculated,  their  sign  was  changed,  and  they  were 
plotted  on  the  diagram  as  the  dotted  curve.  In  order  to  facili- 

*  Ann.  d.  Phys.^4),  1903,  12,  p.  1004. 
f  Roy.  Soc.  Edi'n.  Proc.,  1908-9,  29,  p.  69. 
J  Roy.  Soc,  Edin.  Proc.,  1910-11,  31,  p.  547. 
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ttate  comparison  with  the  smooth  curve,  the  vertical  scale  tor 
the  dotted  curve  is  displaced  0-08  up.  Of  course,  we  can  add 
-any  constant  quantity  to  the  ordinates  of  the  smooth  curve 
without  altering  the  relative  absorption  of  the  different  colours. 
The  smooth  curve  agrees  with  E.  The  latter  gives  the  rela- 
tive visibility  for  an  illumination  of  9-22  metre-candles.  We 
are  therefore  justified  in  assuming  that  our  niters  weigh  the 
.radiation  of  the  visible  spectrum  correctly  according  to  its 
visibility  to  normal  colour  vision,  the  illumination  of  the  field 
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being  about  9-22  metre-candles.  If  we  take  as  our  standard 
.another  illumination  of  the  field,  it  is  easy  to  shift  the  minimum 
of  the  curve  by  diminishing  the  concentration  of  the  copper 
sulphate  and  increasing  the  concentration  of  the  potassium 
bichromate,  or  vice  versa.  The  strength  of  the  copper  sulphate, 
however,  cannot  be  weakened  much  unless  an  additional  thick- 
ness of  water  or  of,  say,  ferrous  ammonium  sulphate  is  used, 
otherwise  there  will  not  be  a  sufficient  margin  of  safety  in  the 
infra-red.  Aqueous  solutions  of  ferrous  ammonium  sulphate 
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are,  it  is  now  known,  very  effective  in  stopping  heat  rays  while- 
allowing  the  light  rays  to  pass.*  They  are  much  more  efficient 
than  alum,  which  in  this  respect  is  no  better  than  water.f 

If  we  neglect  the  light  absorbed  in  the  glass,  the  fraction  of 
light  transmitted  by  our  filter  is  equal  to 


where  A  is  the  molecular  extinction  coefficient  of  the  copper 
sulphate,  AR  is  the  molecular  extinction  coefficient  of  the  potas- 
sium bichromate,  and  k  the  fraction  that  would  be  transmitted' 
by  4  cm.  of  pure  water  alone.  In  order  that  the  effect  due  to 
the  different  constituents  of  the  filter  may  be  seen,  I  have  cal- 
culated 10~06vc,  10-0(M)25VK,  an(}  k  throughout  the  spectrum, 
using  for  Jc  the  values  of  E.  Aschkinass.f  The  results  are  given 
in  the  second,  third  and  fourth  columns  of  the  table  on 
the  next  page. 

The  product  of  the  three  factors  —  that  is,  the  transmiseivity 
of  the  whole  filter  —  is  given  in  the  fifth  column. 

Of  course,  in  addition  to  the  above,  the  absorption  of  the 
glass  of  the  cells  has  to  be  considered.  Glass  absorbs  all  radia- 
tions below  0-330/x  and  above  3-00//,. 

The  filter  is  weakest  in  the  infra-red  at  1-27/x.  In  the  normal' 
energy  spectra  of  our  ordinary  light  sources  the  ordinates  at 
1-27/A  are  about  20  times  or  thereabouts  the  ordinates  at  0-5^. 
With  the  strength  used,  the  stopping  power  of  the  filter  is  hence 
ample,  but  this  point  in  the  spectrum  must  be  watched  if  the 
concentration  of  the  copper  sulphate  is  diminished  much. 

Having  found  by  calculation  that  the  radiation  received  by 
a  thermopile  through  this  filter  should  be  proportional  to  the 
light  incident  on  the  filter,  I  proceeded  by  direct  experiment  to 

*  R.  A.  Houstoun  and  J.  Logie,  Phys.  Zs.,  Vol.  XI.,  p.  672. 

f  The  agreement  might  be  made  better  by  altering  the  strengths  of  the- 
solution  slightly,  as  these  strengths  were  chosen  before  Nutting's  table 
was  recalculated.  But  as  the  Physical  Society  of  Glasgow  University  is 
at  presant  accumulating  data  for  a  great  number  of  observers,  similar  to 
that  given  in  Nutting's  table,  with  the  purpose  of  determining  the  pro- 
parties  of  the  average  eye,  it  seems  better  to  do  nothing  further  until  its. 
results  appear. 

J  Wied.  Ann.,  1895,  Vol.  55.,  p.  401. 
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X. 

10~°'GAc. 

10—  , 

k. 

10-°  6AC 

0-227/a  \ 
0-241  / 

<6-31  10-J1 

<l-3  10-  -18 
1-3  10-  18 

0-99       \ 
0-99       J 

<8  KF-9 

0-284 

6-31  10~u 

2-5  10-19 

0-99 

1-6  10~2!) 

0-300 

1-20  10-2 

1-6  10-7 

I  -00 

1-9  10-» 

0-308 

0-107 

1-6  10~6 

1-7  10~7 

0-325 

0-89 

1-6  10-6 

1-5  10-7 

0-336 

1-9  10~13 

<l-9  10-13 

0-397 

2-5  10-19 

<2-5  10-"J 

0-416 

2-6  10-3 

<2-6  10-3 

0-463   \ 
0-471   / 

<  0-986 

0-105 
0-158 

... 

<  0-105 
<  0-158 

0-480 

0-986 

0-234 

0-229 

0-489 

0-977 

0-355 

0-347 

0-499 

0-968 

0-501 

0-485 

0-5086 

0-951 

0-661 

0-63 

0-5461 

0-792 

0-982 

... 

0-77 

0-5780 

0-521 

1-00 

... 

0-52 

0-6004 

0-292 

... 

0-99 

0-29 

0-6239 

0-108 

... 

0-99 

0-107 

0-6452 

0-0336 

0-99 

0-034 

0-684 

1-54  10~4 

0-99 

1-53  10~* 

0-720 

1-32  10-6 

... 

0-95 

1-25  10~ft 

0-750 

1-26  10-7 

... 

0-91 

1-14  lO-7 

0-794 

9-55  10--8 

... 

0-92 

8-8  10~8 

0-850 

2-2  10"7 

... 

0-86 

1-9  10-7 

0-910 

3-5  10-6 

... 

0-73 

2-5  10~6 

0-980 

5-5  lO-5 

... 

0-20 

1-5  10-5 

1-09 

3-3  10- 

0-48 

1-6  10-* 

1-17 

3-5  10-  2 

0-054 

1-9  10-* 

1-27 

1-6  10-2 

0-0085 

1-3  10-4 

1-40 

2-10-41 

<2  10-4  1 

Never>10-18 

all  the  way  to 

8-5^. 

determine  if  this  actually  was  the  case.  I  had  three  thermo- 
piles at  my  disposal,  a  Rubens  linear  one  with  iron-constantan 
couples  and  two  older  ones,  of  different  types,  but  both  with 
antimony-bismuth  couples.  The  Rubens  thermopile,  as  has. 
been  mentioned  on  p.  2  consists  of  20  couples  on  a  length 
of  2  cm.,  the  wires  being  soldered  together  with  silver  beads, 
which  are  flattened  into  discs  of  1  mm.  diameter.  Hence  it& 
receiving  area  is  about  0-157  sq.  cm.  In  the  case  of  each  of  the 
other  two,  the  receiving  area  was  about  1  sq.  in.,  and  the  number 
of  couples  was  greater,  yet  the  Rubens  thermopile  was  as  sensi- 
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tive,  even  without  its  reflectors,  reached  the  steady  state  in  a 
shorter  time  and  had  a  very  much  steadier  zero.  Only  the 
Rubens  thermopile  was  used. 

The  galvanometer  was  a  Du  Bois  Rubens  ironclad  one,  of 
resistance  10  ohms,  the  property  of  the  Carnegie  Trust  for  the 
Universities  of  Scotland.  In  order  to  protect  it  from  vibration, 
it  was  suspended  from  a  bracket  in  the  wall  by  three  wires  each 
about  1J  metres  long,  and  hung  with  its  three  levelling  screws 
clearing  the  table  by  about  1  cm.  Between  the  table  and 
levelling  screws  loose  wads  of  cotton  wool  were  placed  for  the 
purpose  of  damping  any  vibrations  that  might  arise.  The 
lamp  and  scale  were  1 J  metres  from  the  mirror.  The  resistance 
of  the  thermopile  was  5  ohms.  At  the  sensitiveness  used,  the 
period  was  3  seconds,  and  f  mm.  on  the  scale  indicated  a  current 
of  10~9  amperes. 

It  soon  became  evident  that  this  high  sensitiveness  was  to  be 
fully  utilised.  When  the  thermopile  was  set  up  at  a  distance 
of  33  cm.  from  a  32  c.p.  carbon  glow  lamp,  with  the  niters  in 
front,  the  deflection  was  only  17  half- millimetres.  When  this 
lamp  is  run  at  its  marked  voltage,  250  volts,  about  2-6  per  cent, 
of  its  total  radiation  is  light,  that  is,  lies  between  0400/x  and 
0-760/x,  but  only  a  fraction  of  this  2-6  per  cent,  gets  through  the 
filter.  Perhaps  altogether  about  1/1,000  of  the  total  radiation 
passes  through  the  filter. 

The  thermopile  was  then  set  up  at  a  distance  of  33  cm.  from 
the  32  c.p.  carbon  glow  lamp  with  the  filters  in  front,  the 
K2Cr207  filter  being  next  the  thermopile.  On  the  other  side  of 
the  lamp  was  a  photometer  bench,  at  the  other  end  of  which 
there  was  a  125- volt  tantalum  lamp  that  was  run  off  a  storage 
battery.  The  carbon  lamp  and  the  tantalum  lamp  were  com- 
pared by  a  wedge  photometer.  When  this  comparison  was 
being  made  the  tantalum  lamp  was  always  shunted  by  a  current 
balance  and  constant  resistance,  the  latter  being  chosen  so  that 
the  open  part  of  the  scale  of  the  balance  was  in  use,  and  from 
the  indications  of  the  balance  the  voltage  on  the  tantalum  lamp 
could  be  kept  constant  to  1/800  by  means  of  a  rheostat.  At 
the  voltage  used  the  horizontal  candle-power  of  the  tantalum 
lamp,  measured  by  a  Hefner  lamp,  was  7-13  British  candles. 

Readings  were  then  taken  for  different  voltages  alternately 
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with  the  thermopile  and  with  the  photometer.  One  set  of 
results  is  given  in  the  following  table  and  plotted  in  the  follow- 
ing curve  (Fig.  15)  : — 

TEST  OF  A  32  c.p.  GLOW  LAMP. 


Voltage. 

207-1 
222-5 
251-6 
283-7 
304-7 

Galvanometer  readings. 

Photometer  readings. 

Throws. 

Mean. 

Individual  settings. 

Candle- 
power. 

5-5 
8-0 
18-0 
38-0 
56-5 

4-0      4-0 
7-0      6-5 
16-0    17-5 
38-0   36-5 
56-5    60-0 

3-0  4-5 

6-7 
18-0 
36-5 

59-8 

4-2 

7-0 
17-4 
37-2 

58-2 

117-5    114-5    112-5    114-5 
96-5      98-5      96-5      98-5 
77-5      76-5     76-5     76-5 
59-5      57-5      59-5      58-5 
48-5      47-.*      49-5      49-5 

6-15 
11-2 
24-9 
53-8 

88-1 

S3 


20 


20  40  60 

Candle-power. 


80 


Every  reading  taken  is  given.  At  each  voltage  two  readings* 
were  first  taken  with  the  thermopile,  then  two  settings  of  the 
photometer  were  made  ;  the  remaining  thermopile  readings 
were  then  made,  and,  finally,  the  last  two  photometer  readings, 
were  taken.  The  numbers  given  in  the  table  as  photometer 
settings  are  the  distances  of  the  wedge  in  centimetres  from  the 
comparison  lamp.  The  total  distance  between  the  two  lamps 
was  220  cm. 
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The  curve  should,  of  course,  be  a  straight  line.  The  agree- 
ment is  very  good  when  we  consider  that  the  galvanometer 
readings  are  J  mm.  at  1 J  metres  distance  from  the  mirror,  and 
that  for  the  last  point  the  photometer  was  getting  rather  near 
the  comparison  lamp  for  the  inverse  square  law  to  hold. 

I  have  altered  the  strength  of  the  K2Cr207  to  c= 0-0 125  and 
of  the  CuS045H20  to  c =0-350,  and  the  proportionality  still 
holds. 

A  thermopile  used  with  such  a  filter  can  therefore  be  em- 
ployed for  measuring  candle-power,  more  especially  mean 
spherical  candle-power,  because  it  is  only  necessary  to  set  up 
equally  sensitive  thermopiles  over  the  sphere  and  to  connect 
them  in  series  with  the  one  galvanometer.  All  difficulties  con- 
nected with  tl-e  integration  thus  vanish.  The  method  works 
also  quite  as  well  in  broad  daylight  as  in  a  darkened  room,  the 
•deflections  being  the  same  in  each  case.  I  think,  however,  that 
it  is  not  suitable  for  commercial  application,  on  account  of  the 
high  sensitiveness  of  the  galvanometer  required.  Its  impor- 
tance lies  in  the  fact  that  it  can  be  used  for  defining  our  unit  of 
light  and  for  providing  a  satisfactory  basis  on  which  lights  of 
•different  colour  can  be  compared,  irrespective  of  intensity  and 
of  idiosyncrasy  on  the  part  of  the  observer. 

The  amount  of  light  lost  by  reflection  at  the  glass  surfaces 
and  by  absorption  in  the  glass  of  the  cells  can  be  easily  deter- 
mined by  filling  the  cells  with  water  and  using  a  spectro-photo- 
meter  to  determine  the  fraction  of  the  incident  light  transmitted. 
It  is  sensibly  the  same  throughout  the  visible  spectrum,  and 
has  the  value  0-84  for  both  of  the  cells  employed.  Tt  is  easy  to 
determine  what  the  galvanometer  deflections  would  have  been, 
had  there  been  no  reflection  losses  or  absorption  losses  in  the 
glass  ;  we  have  only  to  multiply  by  l/(0-84)2.  In  determining 
the  distance  of  the  thermopile  from  the  source  of  light,  we  have, 
of  course,  to  multiply  each  thickness  of  glass  and  liquid  tra- 
versed by  its  index  of  refraction.  I  propose  therefore  to  define 
the  unit  of  light  intensity  as  follows  :— 

The  unit  of  light  intensity  is  that  source  the  total  intensity 
of  radiation  from  which  at  an  optical  distance  of  1  metre  after 
passing  through  an  ideal  filter  would  be  x  ergs/cm.2  sec.,  the 
ideal  filter  to  be  one  possessing  the  light-absorbing  properties 
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•of  a  3  cm.  thick  aqueous  solution  of  CuS04,  5H20  of  strength 
•0-200  gramme-molecules  per  litre  and  a  1  cm.  thick  aqueous 
solution  of  K2Cr207  of  strength  0-0025  gramme-molecules  per 
litre,  but  neither  to  reflect  nor  to  absorb  any  light  in  any  other 
way. 

I  think  it  better  to  eliminate  the  properties  of  the  glass  in 
this  way.  Different  cells  have  quite  an  appreciable  difference 
in  absorption  and  the  transmission  coefficient  of  a  cell  is  easy 
to  determine.  The  definition  has  the  advantage  of  connecting 
up  light  closer  with  the  C.G-.S.  system.  By  means  of  his 
pyrheliometer  K.  Angstrom*  has  been  able  to  measure  the 
radiation  from  terrestrial  sources  to  less  than  1  per  cent.,  the 
chief  difficulty  being  to  allow  for  want  of  "  absolute  blackness  " 
on  the  part  of  the  receiving  surface.  The  radiation-receiving 
surface  in  my  experiments  was  about  0-157  sq.  cm.,  and  the 
distance  from  the  source  33  cm.  By  increasing  the  light- 
receiving  area  and  using  Angstrom's  method  it  should  be  pos- 
sible to  determine  x  with  sufficient  accuracy.  For  the  standard 
candle  in  the  units  specified  it  is  roughly  0-8. 


*  Astrophys.   Jour.,    1899,   Vol.    IX,    p.    332;     Phys.    Rev.,    1893, 
Vol.  I.,  p.  365. 


CHAPTER  XII 


ON  APPARATUS  AND  EXPERIMENTAL  METHODS. 

It  has  been  seen  from  the  previous  chapters  that  spectro- 
photometry  and  the  study  of  energy  spectra  give  valuable 
information  as  to  the  reasons  for  the  performance  of  a  light 
source.  It  has  been  suggested  to  me  that,  as  these  experi- 
mental methods  are  treated  very  shortly  in  the  laboratory  text- 
books, some  hints  on  their  use  might  be  given  here. 

The  different  instruments  used  for  mapping  energy  spectra 
have  already  been  mentioned  in  Chapter  I.  and  reference  has 
been  made  to  the  article  by  W.  W.  Coblentz  comparing  their 
properties.  The  instrument  most  suitable  in  any  particular 
case  will,  of  course,  depend  to  some  extent  on  the  resources  of 
the  laboratory.  If  a  very  sensitive  low-resistance  galvano- 
meter is  available,  then  a  Rubens  linear  thermopile  can  be  used. 
If  the  laboratory  possesses  a  very  sensitive  galvanometer  of 
high  resistance,  a  bolometer  might  be  used.  A  thermopile  can 
be  bought  for  £3.  6s.  and  a  bolometer  for  abjout  £6.  If  no  gal- 
vanometer is  available,  it  will  be  cheaper  to  buy  a  radio-micro- 
meter (£17.  10s.)  or,  if  the  experimenter  is  experienced  in  glass- 
blowing  and  vacuum  tube  work,  a  radiometer  might  be  made. 

It  must,  of  course,  always  be  remembered  that  only  the 
brightest  spectra  give  readable  deflections.  A  thermopile,  for 
example,  used  with  one  of  the  most  sensitive  low-resistance 
moving-coil  galvanometers  on  the  market,  will  give  readings  if 
a  Nernst  filament  is  focused  on  the  slit  of  the  spectroscope,  but 
not  if  a  carbon  glow-lamp  filament  is  used  instead. 

In  the  thermopile  only  a  very  small  fraction  of  the  energy 
received  by  radiation  is  dissipated  by  the  electric  current  as 
heat  in  the  circuit.  The  rest  is  lost  by  conduction  and  con- 
vection, the  radiation  loss  being  very  slight.  Consequently,  if 
S.L.P.  H 
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the  air  were  pumped  out  and  the  convection  loss  annulled  we 
would  expect  the  temperature  attained  by  the  junction  to  be 
higher  and  the  deflections  on  the  scale  to  be  greater.  As  a 
matter  of  fact,  if  the  Eubens  thermopile  is  put  in  a  vacuum  and 
the  radiation  is  allowed  to  fall  on  it  through  a  window,  its 
sensitiveness  is  supposed  to  be  increased  seven  times.  The 
evidence  on  this  point  is,  however,  conflicting,  probably  owing 
to  some  experimenters  not  attaining  a  sufficiently  high  vacuum. 
The  conductivity  of  a  gas  for  heat  remains  constant  until  pres- 
sures of  1  mm.  or  thereabouts  are  reached.  In  any  case,  even 
if  the  sensitiveness  is  increased,  there  would  be  trouble  in 
maintaining  the  necessary  vacuum,  and  this  would  probably 
outweigh  the  additional  sensitiveness  obtained. 

A  disadvantage  of  the  Rubens  thermopile  is  the  liability  of 
the  iron  wire  to  rust  through.  On  one  occasion  a  thermopile 
that  I  had  been  using  for  a  year  and  two  reserve  ones,  that  had 
been  lying  in  a  drawer,  all  rusted  through  simultaneously.* 

There  are  no  types  of  spectroscope  on  the  market  very  suit- 
able for  mapping  energy  spectra.  The  common  type  with 
glass  lenses  and  prism  is  unsuitable  because  glass  transmits 
only  from  about  0-330/x  to  2-50/x.  The  limits,  of  course,  vary 
considerably  with  the  nature  of  the  glass,  but  these  may  be 
taken  as  average  values.  Diffraction  gratings  are  out  of  the 
question,  because  their  spectra  are  fainter  than  prism  spectra, 
and  the  chief  difficulty  in  mapping  energy  spectra  being  to 
obtain  readable  deflections,  it  is  necessary  to  economise  light 
as  much  as  possible.  Also  Paschen  found  that  gratings  dis- 
torted energy  spectra,  and  in  addition  there  is  the  difficulty  due 
to  the  superposition  of  the  different  orders.  The  difficulty 
about  using  quartz  spectrographs  is  that  they  require  a  con- 
siderable amount  of  adaptation.  The  limits  of  transmission 
of  quartz  may  be  taken  as  0-19^  to  4-0//,,  about  10  per  cent,  of 
the  incident  light  being  transmitted  through  1  cm.  at  these 

*The  Cambridge  Scientific  Instrument  Co.  has  just  brought  out  a 
new  galvanometer  and  thermopile  under  the  name  of  the  Paschen 
galvanometer  and  thermopile.  The  galvanometer  is  of  the  Thomson 
astatic  type  and  seems  more  sensitive  than  the  Du  Bois  Rub3ns 
instrument.  The  thermopile  is  of  the  Rubens  type,  but  has  a  mirror 
behind  the  elements. 
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wave-lengths.  In  order  to  go  farther  into  the  infra -red  a  rock- 
salt  prism  and  lenses  are  necessary  and  they  could  not  easily  be 
substituted  in  the  ordinary  quartz  spectrograph.  If  the  labo- 
ratory possesses  a  quartz  spectrograph,  it  will  probably  be 
better  to  use  it ;  but  if  it  does  not,  I  strongly  recommend  two 
instruments  which  I  have  used  myself  and  which  I  proceed  to 
describe. 

The  first  of  these  instruments  employs  the  Wadsworth 
mirror-prism  combination,  which  does  not  appear  to  be  known 
in  this  country,  although  frequently  used  in  research  work  in 
America.  The  Wadsworth  mirror-prism  combination  consists 
of  a  prism  and  mirror  mounted  together  on  the  prism  table, 
with  the  plane  of  the  mirror  and  the  plane  that  bisects  the 
.refracting  angle  of  the  prism  both  meeting  in  the  axis  of  rotation 


of  the  prism  table.  The  diagram  (Fig.  16)  represents  a  special 
case  of  this  arrangement ;  ED  and  CA,  the  traces  of  the 
planes  in  question,  meet  in  A,  through  which  the  axis  of 
rotation  of  the  prism  table  passes. 

Consider  any  ray  FGHJK  which  passes  through  the  prism 
at  minimum  deviation  and  is  reflected  by  the  mirror  at  J. 
Then  JK  is  parallel  to  FG.  The  path  of  the  ray  through  the 
prism  GH  is  also  parallel  to  the  base  of  the  prism  BD.  From 
A  draw  AP,  AN  and  AM  respectively  perpendicular  to  FG, 
JH  and  KJ.  Then  AN-AM  by  equal  triangles  and  AN=AP 
by  symmetry;  consequently  AP=AM.  Suppose  that  the 
ray  FG  is  white  light ;  the  colour  in  this  ray  that  suffers 
minimum  deviation  emerges  along  JK  after  passing  through 
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the  system.  Now  let  the  mirror-prism  system  be  rotated 
through  an  angle  about  A,  but  let  the  ray  FG  remain  fixed. 
Then  AP  and  consequently  AM  remain  fixed  and  the  position 
of  JK  is  unaltered  by  the  rotation.  But  the  colour  of  the  light 
that  emerges  along  JK  is  now  different. 

Suppose  now  that  the  single  ray  FG  is  replaced  by  a  beam  of 
parallel  rays  ;  each  colour  in  turn,  as  it  suffers  minimum  de- 
viation, is  undeviated  and  at  the  same  time  suffers  the  same 
constant  parallel  displacement. 

The  next  diagram  (Fig.  17)  shows  how  these  properties  are 
taken  advantage  of.  The  mirror-prism  combination  is  shown 
inside  a  rectangular  box  into  which  we  are  looking  vertically 
down,  the  lid  having  been  removed.  The  mirror  is  denoted  by 
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FIG.  17. 

the  letter  S.  The  slit  is  attached  to  a  piece  of  brass  tubing  which 
slides  in  a  short  piece  of  tube  fixed  in  the  side  of  the  box.  The 
light  from  the  slit  is  rendered  parallel  by  a  concave  mirror  Mr 
then  passes  through  the  mirror-prism  combination,  falls  on  the 
other  concave  mirror  M',  and  is  brought  to  a  focus  on  the  photo- 
graphic plate  at  P.  Owing  to  the  obliquity  of  the  incidence, 
the  distances  of  the  slit  and  P  from  their  respective  mirrors 

7*  7*  OO^   C/) 

are  given  not  by  ~  but  by  — x — ,  where  <j>  is  the  angle  be- 
tween the  incident  beam  of  light  and  the  normal  to  the  mirror. 
If  the  ends  of  the  spectrum  are  to  come  out  sharp,  the 
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photographic  plate  should  be  inclined  at  79  deg.  to  the 
incident  rays  and  not  at  right  angles,  as  is  shown  by  Fig.  17. 
If  the  position  of  the  mirrors  be  adjusted  so  that,  when 
sodium  light  is  used,  the  image  of  the  slit  in  the  minimum 
deviation  position  is  in  focus  at  P,  and  if  the  mirror-prism  system 
be  rotated,  every  wave-length  comes  into  focus  and  at  the 
same  time  suffers  minimum  deviation  automatically  when  it 
reaches  P.  This  is  an  immense  advantage  when  a  thermopile 
is  being  used.  If  a  thermopile  be  fitted  to  a  spectroscope  with 
quartz  prism  and  lenses,  in  addition  to  moving  through  the 
spectrum  we  should  have  to  feel  with  the  rack  and  pinion 
motion  for  the  distance  from  the  lens  for  which  the  bands  were 
most  distinct.  Even  in  photographing  the  ultra-violet,  auto- 
matic focusing  is  not  to  be  despised.  The  spectrographs 
ordinarily  used  give  the  spectrum  from  about  600/^/x  to  200/it/x 
on  one  photographic  plate.  The  index  of  refraction  of  quartz 
varies  from  1-54  to  1-65  within  this  range.  Consequently,  in 
order  to  get  the  whole  plate  in -focus  at  once,  it  must  be  fixed 
with  its  surface  making  an  angle  of  about  21  deg.  with  the  axis 
of  the  camera  lens,  and  it  is  a  laborious  process  getting  the 
angle  and  distance  right. 

The  quartz  prism  always  used,  the  Cornu  double  prism,  gives 
a  perfectly  sharp  image  only  with  parallel  light  and  when  at 
minimum  deviation.  With  a  quartz  collimating  lens  we  can 
never  have  parallel  light  for  the  whole  spectrum  at  once  ;  with 
a  mirror  we  can.  In  -a,  spectrograph  of  the  usual  type  the  rays 
falling  on  the  centre  of  the  plate  satisfy  the  minimum  deviation 
condition.  With  the  arrangement  described  above  any  portion 
of  the  spectrum  may  be  made  to  satisfy  this  condition  at  will. 
Finally  a  prism  of  different  material  or  even  different  refracting 
angle  can  be  substituted  without  any  inconvenience.  This  is 
not  the  case  with  the  ordinary  quartz  spectrograph. 

The  reason  why  concave  mirrors  have  not  been  extensively 
used  by  instrument  makers  is  because  silver  surfaces  do  not 
reflect  the  ultra-violet  well,  as  will  be  seen  from  the  following 
data  due  to  E.  Hagen  and  H.  Rubens  and  taken  from  Landolt 
and  Bernstein's  tables  : — 

The  table  gives  the  percentage  of  incident  light  reflected  at 
normal  incidence  by  spiegel-magnalium,'!  nickel  jtnd  silver 
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A. 

Spiegel- 
magnalium 
69A/-t-31Mgr. 

Nickel 
electrolytically 
deposited. 

Silver 
chemically 
deposited. 

0-251/t 

67-0 

37-8 

34-1 

0-288 

70-6 

42-7 

21-2 

0-305 

72-2 

44-2 

9-1 

0-316 

... 

... 

4-2 

0-326 

75-5 

45-2 

14-6 

0-338 

... 

46-5 

55-5 

0-357 

81*  -2 

48-8 

74-5 

0-385 

83-9 

49-6 

81-4 

0-420 

83-3 

56-6 

86-6 

0-450 

83-4 

59-4 

90-5 

0-500 

83-3 

60-8 

91-3 

0-550 

82-7 

62-6 

92-7 

0-600 

83-0 

64-9 

92-6 

0-650 

82-7 

66-6 

93-5 

0-700 

83-3 

68-8 

94-6 

0-800 

84-3                            69-6 

96-3 

1-0 

84-1 

72-0 

96-6 

1-5 

85-1 

78-6 

98-4 

2-0 

86-7 

83-5 

.  .  . 

3-0 

87-4 

88-7 

4-0 

88-7 

91-1 

5-0 

89-0 

94-4 

7-0 

90-0 

94-3 

9-0 

90-6 

95-6 

11-0 

90-7 

95-9 

14-0 

92-2 

97-2 

... 

mirrors  for  different  wave-lengths.*  The  silver  mirror  was  one 
chemically  deposited  on  glass  and  the  light  was  reflected  from 
the  silver-air,  not  the  silver-glass,  surface.  It  will  be  noticed 
that  at  316/x/x  only  4-2  per  cent,  is  reflected,  so  that  in  the 
arrangement  described  above  where  the  light  is  thrice  reflected, 
if  silver  mirrors  are  used,  only  6-10~5  of  the  incident  light  would 
reach  the  photographic  plate.  The  percentage  reflected  at 
those  wave-lengths  in  the  infra-red,  for  which  no  numbers  are 
given,  is  always  greater  than  984  per  cent.,  so  that  silver  mirrors 
are  very  satisfactory  for  the  visible  spectrum  and  infra-red, 
although  unsuitable  for  the  ultra-violet.  It  should  be  noticed 
in  passing  that  cheap  concave  lenses  make  quite  good  mirrors. 
They  should  be  sent  to  an  optical  firm  for  silvering  as  the  cost 
is  trifling  and  it  is  difficult  for  an  amateur  to  obtain  a  good 
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mirror  on  the  silver-air  surface,  although  quite  easy  to  get  a 
good  one  on  the  silver-glass  surface. 

It  will  be  seen  from  the  table  that  spiegel-magnalium  reflects 
excellently  throughout  the  whole  spectrum.  Unfortunately 
it  does  not  keep  well.*  I  have  therefore  used  mirrors  made  of 
best  quality  solid  nickel  as  a  substitute  for  silver  in  the  ultra- 
violet, and  have  mounted  them  in  an  instrument  of  somewhat 
different  type,  the  second  of  those  referred  to  on  p.  99. 

The  arrangement  of  this  instrument  is  shown  by  the  diagram 


FIG.   18. 

(Fig.  18).  Light  diverges  from  the  slit,  is  rendered  parallel 
by  the  fixed  concave  mirror  M,  passes  through  the  fixed  prism, 
which  is  set  so  that  the  middle  of  the  spectrum  suffers  minimum 
deviation,  falls  on  the  mirror  M'  and  is  brought  to  a  focus  on 
the  thermopile  at  P.  The  mirrors,  prism,  slit  and  thermopile 
with  its  screens  are  all  mounted  on  a  mahogany  base.  The 
mirror  at  M'  can  be  rotated  about  a  vertical  axis  through  its 
centre  by  means  of  a  micrometer  screw  ;  hence,  all  the  colours 
of  the  spectrum  can  be  made  in  succession  to  pass  across  P.  A 

*  Messrs.  Kahlbaum  no\v  supply  a  spiegel-magnalium  mirror  which 
£cems  to  keep. 
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cover  conies  down  over  the  instrument  when  in  use  and  makes 
it  light-tight.  The  fraction  of  the  incident  light  reflected  by 
the  two  nickel  mirrors  in  this  arrangement  at  the  most  un- 
favourable place  in  the  ultra-violet  is  (0-378)2= 0-143.  In  an 
ordinary  spectrograph  the  fraction  transmitted  by  the  two 
quartz  lenses  in  succession  cannot  be  greater  than  0-80.  The 
ratio  of  the  quantity  of  light  received  per  unit  area  of 'photo- 
graphic plate  in  the  two  cases,  when  we  allow  for  the  obliquity 

of  the  plate  in  the  second  case,  is  thus  at  least  A  QA   . — ^-6 

U'oU  sin  ZiL 

which  is  approximately  equal  to  J.  When  we  consider  the 
convenience  of  focusing  and  the  better  collimation  of  the  light, 
nickel  mirrors  are,  I  think,  quite  as  good  as  quartz  lenses  even 
for  work  in  the  ultra-violet. 

Both  the  above-described  instruments  can  be  employed  as 
monochromatic  illuminators.  It  will  be  noticed  that  they  are 
also  suitable  for  use  with  the  radiomicrometer  and  radiometer, 


FIG.  11. 

both  of  which  cannot  be  moved  during  an  experiment  and 
hence  cannot  be  employed  with  an  instrument  with  a  moving 
telescope  arm. 

Great  care  must  be  given  to  the  mounting  of  the  thermopile, 
or  whatever  the  radiation  measurer  is,  in  order  that  the  spec- 
trum falling  on  it  may  be  pure.  The  figure  to  the  left  below 
4shows  a  faulty  mounting.  It  represents  a  horizontal  section 
of  a  tube  containing  the  thermopile,  a  section  of  the  latter  being 
shown  at  T.  The  full  lines  represent  the  pencil  of  rays,  which 
is  to  be  measured,  falling  on  T.  The  dotted  lines  show  another 
pencil  of  rays  which  leaves  the  prism  in  a  different  direction, 
but  which  is  reflected  from  the  side  of  the  tube  so  as  also  to 
reach  T.  The  second  pencil  may  be  much  more  intense  than 
the  first,  and  since  even  a  "  dead  black  "  surface  such  as  the  side 
of  the  tube  reflects  well  at  grazing  incidence,  it  is  clear  that  the 
second  pencil  may  be  a  source  of  considerable  error.  The  error 
arising  in  this  way  is  said  to  be  due  to  diffuse  heat.  The 
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diagram  to  the  right  in  Fig.  19  shows  how,  by  a  proper  arrange- 
ment of  screens,  this  error  may  be  prevented. 

It  is  useful  to  have  an  eyepiece  mounted  behind  the  thermo- 
pile. A  little  light  gets  past  between  the  latter  and  the  screens, 
and  by  its  means  we  are  able  to  focus  the  thermopile  on  spectral 
lines  and  so  calibrate  the  apparatus  for  the  visible  spectrum. 
Care  must  be  taken  that  no  heat  enters  through  the  eyepiece, 
when  the  thermopile  is  in  use. 

Few  workers  calibrate  their  apparatus  for  the  infra-red  by 
the  methods  given  in  the  books.  They  mostly  assume  the 
indices  of  refraction  for  the  materials  of  their  prisms,  for  which 
there  are  tables  now,  and  then  calculate  the  wave-length  from 
the  deviation.  If  this  method  is  unsuitable,  a  known  emission  or 
absorption  spectrum  may  be  used.  For  example,  the  absorption 
spectrum  of  water,  which  has  been  thoroughly  investigated  by 
E.  Aschkinass  (Wied.  Ann.  55,  p.  401,  1895),  has  well-marked 
absorption  bands  at  0-996,  1-500,  1-956,  3-02,  4-70  and  6-09/x. 
The  band  at  0-996/x  shows  up  well  when  a  layer  of  water  1  cm. 
thick  is  examined;  the  others  require  much  thinner  layers, 
T7<ymm.  and  less. 

The  chief  difficulty  in  mapping  energy  spectra  being  to  obtain 
readable  deflections,  the  length  of  the  slit  may  bear  a  much 
larger  ratio  to  the  diameter  of  the  collimating  lens  or  mirror 
than  is  permissible  in  work  in  the  visible  spectrum.  The  spec- 
tral lines  are  then  curved  and  their  definition  is  not  so  good,  but 
this  does  not  matter  owing  to  the  breadth  of  the  thermopile. 

If  an  energy  curve  is  not  desired,  an  idea  of  the  distribution 
of  the  energy  in  the  spectrum  may  be  obtained  by  the  use  of 
filters.  In  this  case  the  thermopile  is  set  up  opposite  the  light 
source  and  the  deflections  noted  when  different  filters  are  placed 
between.  On?  advantage  .of  this  method  is  that  it  does  not 
require  the  apparatus  to  be  at  all  so  sensitive.  Filters  that 
might  be  useful  are  plates  of  Uviol  glass,  red  glass,  and  glass 
cells  containing  water,  ferrous-ammonium  sulphate  in  water  or 
iodine  in  alcohol.  Uviol  transmits  50  perjcent.  of  the  incident 
light  through  a  thickness  of  1  mm.  at  0-288/x.  The  red  glass 
referred  to  is  the  common  variety  used  for  making  signal  lights. 
For  finding  the  distribution  of  energy  in  the  visible  spectrum 
and  ultra-violet  the  infra-red  might  be  screened  off  with  a  4-cm. 
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water  filter,  and  then  the  deflection  noted  when  Uviol  glass,. 
light  crown,  dense  flint  or  red  glass  is  placed  in  turn  before  the 
thermopile.  Each  of  these  in  succession  shifts  the  limit  of 
transmission  farther  in  the  direction  of  increasing  wave-lengths. 
For  finding  the  distribution  of  energy  in  the  infra-red,  a 
set  of  water  filters  of  decreasing  thickness,  a  glass  plate,  and 
finally  a  quartz  plate  might  be  used.  These  would  in  suc- 
cession shift  the  limit  of  transmission  farther  into  the  infra-red. 
In  using  filters,  care  should,  of  course,  always  be  taken  to 
allow  for  the  reflection  loss  at  the  transparent  region. 

So  much  for  energy  spectra.  Let  us  now  consider  briefly 
the  subject  of  spectrophotometry.  A  great  number  of  different 
spectrophotometers  have  been  described  and  a  discussion  of 
the  principal  types  is  given  in  Kayser's  "  Spectroscopie," 
Vol.  III.,  Chapter  1.  There  is  no  comprehensive  article  on  the 
subject  in  English.  Comparatively  little  work  has  been  done 
in  spectrophotometry,  some  of  the  instruments  have  really 
never  been  used,  and  I  doubt  even  whether  one  or  two  have 
been  made.  There  is  no  doubt  whatever  that  accurate  spectro- 
photometry is  difficult.  All  factors  bearing  upon  the  measure- 
ments must  be  carefully  studied.  For  this  reason,  if  it  is  not 
intended  to  do  much  work  in  or  spend  much  time  on  the  sub- 
ject, I  think  conditions  should  be  kept  as  simple  as  possible, 
and  I  therefore  suggest  the  following  arrangement  :— 

A  spectroscope  should  be  mounted  about  the  middle  of  a 
photometer  bench  with  its  collimator  horizontal  and  at  right 
angles  to  the  bench  and  with  its  slit  the  same  height  as  the  two 
lamps  whose  spectra  are  to  be  compared.  Close  up  to  the  slit 
should  be"  mounted  two  total  reflecting  prisms  and  two  pieces 
of  ground  glass  A  and  B,  as  in  Fig.  20.  For  the  sake  of  clear- 
ness the  pieces  of  ground  glass  are  shown  some  distance  from 
the  prisms,  but  in  reality  they  should  be  close  up  to  them.  The 
one  lamp  under  comparison  illuminates  B  which  in  turn  illu- 
minates 6.  The  other  lamp  illuminates  A  and  consequently  a. 
An  eye  looking  into  the  telescope  sees  consequently  two  spectra, 
one  above  the  other,  one  spectrum  being  produced  by  each 
lamp,  and  the  intensities  may  be  compared  for  any  particular 
wave-length  by  shifting  the  lamps  along  the  bench  until  balance 
is  obtained  and  then  using  the  inverse  square  law.  In  applying 
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the  inverse  square"  law,  distances  should  in  each  case  be  mea- 
sured from  the  nearer  piece  of  ground  glass  and  not  from  the 
slit.  To  guard  against  want  of  symmetry,  readings  should  be 
taken  with  the  lamps  interchanged. 

The  disadvantage  of  the  above  method  is  that  the  observer 
requires  an  assistant  to  move  the  lamps  while  he  is  observing 
the  spectra  ;  also  that  the  dividing  line  between  the  spectra  is 
not  very  sharp  and  hence  the  highest  accuracy  is  not  possible. 

If  greater  accuracy  is  desired,  an  instrument  must  be  ob- 
tained from  one  of  the  optical  firms.  The  two  spectrophoto- 
meters  that  seem  to  find  a  sale  at  present  are  the  Konig-Martens 
spectrophotometer  (F.  Schmidt  and  Haensch,  Berlin)  and 


FIG.  20. 


the  Hiifner  spectrophotometer  (Hilger,  London ,  Kriiss, 
Optisches  Institut,  Hamburg).  Schmidt  and  Haensch  list  two 
other  types,  but  I  do  not  think  they  are  much  used.  Both  the 
Konig-Martens  and  the  Hiifner  spectrophotometers  are  alike 
in  having  two  slits  on  one  collimator  and  in  matching  the  inten- 
sities by  the  rotation  of  a  nicol.  There  are,  of  course,  other  ways 
of  matching  the  intensities,  rotating  sectors  and  micrometer 
slits.  Rotating  sectors  require  a  motor  to  drive  them,  and 
during  an  operation  such  as  spectrophotometry,  in  which  so 
much  depends  on  the  psychological  factor,  some  people  find  the 
noise  of  the  motor  disturbing.  The  chief  difficulty  in  the  way 
of  regulating  the  brightness  of  a  spectrum  by  altering  the  width 
of  the  slit  is,  that  not  only  the  intensity  but  also  the  purity  of 


103  STUDIES  IN  LIGHT  PRODUCTION. 

the  spectrum  is  being  altered,  and  if  the  slit  is -opened  very  wide 
we  obtain  a  distinct  change  of  colour.  Also,  owing  to  diffrac- 
tion effects,  the  intensity  transmitted  is  not  strictly  proportional 
to  the  slit  width.  I  think,  therefore,  that  the  rotation  of  a  nicol 
is  the  best  way  of  matching  intensities. 

In  choosing  an  instrument,  too  much  weight  must  not  be  laid 
on  the  accuracy  with  which  the  nicol  can  be  set  under  the  best 
conditions,  for  there  are  generally  systematic  errors  greater 
than  the  error  of  the  nicol  setting.  Freedom  from  systematic 
error,  simplicity,  convenience  in  handling  and  economy  of  light 
are  the  main  essentials,  and  I  think  that  on  these  points  the 
Hiifner  spectrophotometer  is  probably  the  best  we  have.  The 
Konig-Martens  instrument  has  been  thoroughly  worked  out 
and  gives  very  consistent  readings,  but  is  more  complicated  and 
extremely  wasteful  of  light.  It  is  also  not  so  easy  to  get  the 


FIG.  21. 

wave-length  accurately  when  white  light  is  used  with  it.  I 
have  had  experience  of  both  the  Konig-Martens  and  the  Hiifner, 
and  have  a  decided  preference  for  the  Hiifner.  I  have  also 
had  experience  of  the  Wild  spectrophotometer,  which  depends 
on  the  disappearance  of  interference  bands,  and  on  all  points 
it  is  much  inferior  to  the  other  two. 

The  Hiifner  spectrophotometer  consists  of  a  spectroscope, 
before  the  slit  of  which  a  Glan-Thompson  prism  N  and  a  glass 
rhomb  (the  Hiifner  rhomb)  is  brought  (see  Fig.  21).  The  edge  A  is 
ground  very  sharp  and  bisects  the  slit  gh.  If  we  disregard  the 
polarising  effect  of  the  rhomb,  the  upper  beam  bounded  by  the 
rays  sAq  and  thr,  which  illuminates  the  lower  half  of  the  slit,  con- 
sists of  natural  light,  and  the  beam  bounded  by  the  rays  ugpf 
vAq,  which  illuminates  the  upper  half  of  the  slit,  consists  of 
light  polarised  in  either  a  vertical  or  horizontal  plane.  Another 
nicol  is  inserted  in  the  path  of  both  beams.  If  we  look  into 
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eyepiece  we  see  two  spectra,  one  above  the  other,  and  by  rotat- 
ing this  nicol  we  can  alter  their  relative  intensity. 

The  light  which  comes  from  the  upper  half  of  the  slit  must  be 
plane-polarised  before  entering  the  second  nicol,  and  the  light 
which  conies  from  the  lower  half  of  the  slit  must  be  unpolarised 
natural  light.  But  it  is  partially  polarised  by  both  the  Hiifner 
rhomb  and  the  dispersion  prism.  The  refracting  angle  of  the 
latter  is  chosen  so  that  these  partial  polarisations  remove  one 
another. 

There  is  a  wedge  of  neutral  tinted  glass,  not  shown  in  the 
figure,  placed  in  the  path  of  the  upper  beam  immediately  above 
the  nicol  in  order  to  compensate  the  reflection  and  absorption 
loss  in  the  latter.  It  would  take  too  long  to  enter  into  all  the 
details  of  a  determination,  but  if,  when  the  two  fields  are  matched, 
the  nicol  makes  an  angle  a  with  the  position  for  extinction  of 


Fu.  22. 

the  one-half  of  the  field,  the  ratio  of  the  intensities  for  the  wave- 
length in  question  is  cos2a. 

I  have  recently  made  a  change  in  the  Hiifner  spectrophoto- 
meter  which,  to  my  prejudiced  judgment  at  least,  is  an  im- 
provement (Phil.  Mag.  (6),  15,  p.  282,  1908).  In  place  of 
the  rhomb  AC  and  the  Glan-Thompson  prism  N,  I  use  a  single 
prism  of  the  shape  shown  in  the  preceding  diagram  (Fig.  22) : — 

ABC  is  made  of  glass,  for  which  /AD  =  1-526,  the  sides  AB, 
BC,  CA  being  each  2  cm.  long.  It  is  cemented  to  a  prism  of 
Iceland  spar,  BDEC,  cut  with  its  axis  perpendicular  to  the 
plane  of  the  paper.  The  angle  D  is  127°  12',  E  is  115°  49'  and 
BCEis64°ir. 

The  action  of  the  prism  may  be  better  understood  by  sup- 
posing the  beams  of  light  to  go  in  the  reverse  direction — from 
the  object  glass  of  the  collimator  to  the  slit.  The  beam  qr  is 
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broken  into  two  by  the  Iceland  spar  prism,  cd  being  the  ordinary 
beam  and  ab  the  extraordinary.  The  beam  pq  is  broken  into 
two,  but  ,only  the  extraordinary  cf  emerges,  the  ordinary  being 
totally  reflected  at  the  surface  CE.  The  beams  ef,  cd  meet 
15  cm.  out  in  an  elliptical  spot  of  light  measuring  2-0  cm.  by 
24  cm.,  the  long  axis  being  vertical.  The  beam  ab  is  quite 
2  cm.  clear. 

If,  now,  we  have  as  source  of  light  an  incandescent  mantle 
behind  a  screen,  with  an  aperture  at  the  proper  place  not  much 
larger  than  2-0  cm.  by  24  cm.,  and  if  we  look  into  the  eyepiece 
we  see  two  spectra,  one  above  the  other,  polarised  at  right  angles 
to  one  another.  The  ordinary  component  of  the  lower  beam 
misses  the  slit  entirely,  while  the  extraordinary  component 
of  the  upper  beam  misses  the  object  glass  of  the  collimator. 

In  order  to  measure  the  fraction  of  light  transmitted  through 
a  piece  of  glass  it  is  placed  in  succession  in  the  path  of  the  upper 
and  lower  beams  and  readings  are  taken.  In  comparing  two 
sources,  one  is  made  to  illuminate  a  piece  of  ground  glass 
measuring  2-0  cm.  by  24  cm.,  which  is  placed  15  cm.  out  in 
the  position  above  referred  to,  while  the  lower  beam  from  this 
piece  of  ground  glass  is  stopped  by  a  screen  and  replaced  by  a 
beam  from  a  second  piece  just  in  front  of  CE,  this  second  piece 
being  illuminated  from  the  side  by  the  second  source. 

As  in  the  original  instrument,  the  relative  intensity  of  the 
two  spectra  is  altered  by  the  rotation  of  a  nicol.  The  chief 
advantage  of  my  prism  is  that,  as  it  plane-polarises  both  beams, 
it  can  be  used  with  any  dispersion  prism  whatever  and  not  only 
with  one  of  a  particular  refracting  angle.  In  my  instrument 
the  ratio  of  the  intensities  is  given  by  tan2a. 

We  shall  now  leave  spectrophotometry  and  give  a  short 
account  of  Angstrom's  pyrheliometer,  which  is  perhaps  the  best 
instrument  for  measuring  the  intensity  of  a  radiation  in  abso- 
lute measure.  The  references  to  Angstrom's  papers  have  been 
given  on  p.  95. 

The  pyrheliometer  consists  essentially  of  two  metal  strips, 
blackened  on  one  side,  and  in  every  way  similar.  One  is  ex- 
posed to  the  radiation  to  be  measured  and  the  other,  which  is 
screened  from  the  radiation  by  a  double  wall,  is  warmed  by  an 
electric  current  flowing  through  it.  The  strength  of  the  current 
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is  regulated  so  that  the  difference  of  temperature  of  the  two 
strips,  as  read  by  a  ther mo-element,  is  zero.  Then  the  energy 
radiated  into  the  one  strip  is  equal  to  the  heat  generated  by 
the  electric  current  in  the  other.  Let  q  be  the  intensity  of  the 
radiation  in  gm.  cals.  per  square  centimetre  per  second,  I,  b  the 
length  and  breadth  of  the  strips,  r  its  resistance  per  unit  length, 
a  the  fraction  of  the  incident  radiation  absorbed  by  the  strip, 
and  i  the  strength  of  the  compensation  current.  Then 


hence 


The  constants  a,  b  and  r  can  be  determined  once  for  all.  It  is 
not  necessary  to  make  a  correction  for  loss  of  heat  by  con- 
duction, convection  or  radiation,  as  this  loss  is  exactly  the  same 
for  both  strips.  The  instrument  is  designed  so  that  the  role  of 
the  strips  is  interchangeable. 

The  strips  are  made  of  platinum  foil  and  are  about  0-001  to 
0-002  mm.  thick,  2  mm.  wide  and  18  mm.  long.  The  chief 
difficulty  lies  in  the  determination  of  the  constant  a,  but 
Angstrom  estimates  that  it  can  be  measured  to  at  least  0-5 
per  cent. 

It  should  be  noted  that  since  Angstrom  has  measured  the 
total  radiation  of  the  Hefner  lamp  and  found  it  to  be  2*15  10~fi 
gm.  cals.  per  square  centimetre  per  second  at  1  m.  distance  in 
a  horizontal  direction,  anyone  possessing  a  Hefner  lamp  can 
make  absolute  measurements  of  the  intensity  of  a  radiation 
with  an  ordinary  thermopile  or  radioinicrometer.  For  it  is 
only  necessary  to  standardise  the  latter  by  exposing  it  to  the 
radiation  of  the  lamp.* 


*  In  a  recent  article  (Proc.  Phys.  Soc.  23,  p.  I,  1910)  Prof.  H.  L. 
Callendar  criticises  Angstrom's  pyrheliometer  and  describes  some  new 
methods  for  the  absolute  measurement  of  radiation. 
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Allied  Professions  and  Trades  in  all  parts  of  the  World.    No  expense  is  spared  to  make  the  work 
really  complete  and  reliable.  '  The  Lists  of  Names  and  Addresses  are  made  up  from  exclusive 
sources.     The  Directory  portion  of  the  book  is  divided  into  six  divisions,  viz.,  a  British  Division, 
and  Colonial,  Continental,  Asiatic  and  African,  Central  and  South  American  and  United  States 
Divisions.     Each  Division  is  sub-divided  into  an  Alphabetical  Section  and  a  Classified  Trades' 
Section.     New  Names  and  corrections  to  existing  entries  in  the  DIRECTORIAL  portion  of  the  book 
are  received  up  to    the   end   of  January.      Extra  insertions   are  made  in  the  Classified  Trades' 
Section  at  low  rates.    In  addition  to  more  than  900  pages  of  pure  Directory  matter,  the  HAND- 
BOOK  portion  contains  a    mass  (over  900  pages)  of  interesting  electrotechnical  statistics   and 
commercial  information  relating  to  electricity  supply,  electric  power  distribution  and  transmission 
and  electric  traction  in  Gt.   Britain,  the  Colonies  and  abroad,  also  Fire  Risk  Rules  (British  and 
Foreign),  a  full  Digest  of  the  Law  of  Electric  Lighting,  Traction,  Telegraphy  and  Telephony, 
&c.,  the  great  part  of  which  is  specially  compiled  for  the  DIRECTORY,  and  cannot  be  obtained 
elsewhere.    There  is  also  a  very  interesting  BIOGRAPHICAL  Division,  besides  many  invaluable 
Tables,  Maps,  Statistics  relating  to  Electric  Lighting  and  Power,  Traction,  &c, 
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Aitken— AITKEN'S  MANUAL  OF  THE  TELEPHONE.     By  W. 

Aitken,  M.I.E.E.    In  two  Volumes.    Vol.  i.  Now  Ready.  Very  fully  Illustrated.   i8s.  nett. 

Mr.  Aitken  has  designed  his  book  to  cover  the  whole  subject  of  Commercial  Telephony.  The 
author's  close  association  with  the  practical  work  of  telephone  design,  construction,  erection  and 
supervision  over  a  long  period,  and  the  fact  that  he  is  personally  identified  with  much  of  the  apparatus 
now  in  use  and  coming  into  general  use,  entitles  him  to  write  with  authority  on  the  many  problems 
which  face  the  Telephone  Engineer,  the  Telephone  Manager  and  the  Telephone  Operator.  The  author 
has  tried  to  indicate  the  latest  methods  and  the  lines  of  possible  developemnt,  taking  apparatus  of 
different  manufacturers  to  illustrate  particular  features.  He  has  attempted  to  take  typical  .examples 
llustrating  the  originality  of  design  of  each  apparatus. 

The  following  is  a  summary  of  the  contents  of  Vol.  I. : — 

Chapter  I.,  Elementary  Theory— Chapter  II.,  Historical  Notes — Chapter  III.,  Receivers — 
Chapter  IV.,  Transmitters— Chapter  V.,  Magneto  and  Primary  Battery  Telephone  Sets— Chapter  VI., 
Primary  Batteries— Chapter  VII.,  Private  Telephone  Installations — Chapter  VIII.,  Magneto  Systems, 
Small  Switchboards— Chapter  IX.,  Magneto  Systems,  Multiple  Switchboards — Chapter  X.,  The  Call 
Wire  and  Ring-through  Systems — Chapter  XI.,  Central  and  Common  Battery  Circuits— Chapter  XII., 
Apparatus  used  on  Common-Battery  Switchboards — Chapter  XIII.,  Apparatus  Racks  and  Distributing 
Frames— Chapter  XIV.,  Standard  C.B.  Practice— Chapter  XV.,  Transfer  and  Divided  Systems — 
Chapter  XVI.,  Party  Line  Working— Chapter  XVII.,  Junction  Line  Working— Chapter  XVIII,  Call 
Wire,  Operator's  Instrument  and  other  Special  Circuits — Chapter  XIX.,  Desks  for  Supervision  and 
Testing— Chapter  XX.,  The  Lay-out  and  Wire  Scheme  of  a  Common  Battery  Telephone  Exchange — 
Chapter  XXI.,  Small  Common  Battery  Switchboards — Chapter  XXII.,  Comnrvpn  Battery  Telephone 
Instrument  Circuits,  Designs  and  Accessories— Chapter  XXIII.,  Extension  Line  and  Private  Line 
Working— Chapter  XXIV.,  Power  Plant — Chapter  XXV.,  Telephone  Trunk  Line  Exchanges — 
Chapter  XXVI.,  Automatic  Switching  Systems. 

Alfrec— AMATEUR  WIRELESS  TELEGRAPH  DESIGNS.     By 

Alfrec.     Is.  6d.  nett. 

In  this  little  Volume  an  attempt  is  made  to  convey  to  those  whom  it  may  interest  information  of  a 
purely  practical  nature  which  has  been  obtained  from  experiments.  Very  few  calculations  and  formulae 
have  been  introduced,  and  those  employed  are  very  simple.  The  Author  regards  economy  and  cheap- 
ness, both  in  time  and  material,  as  the  essentials  of  any  design,  and  as  the  book  is  intended  solely  for 
amateurs  no  heed  is  paid  to  any  particular  wireless  system.  The  resultant  sets,  both  sending  and 
receiving,  may  prove  rather  different  from  the  usual  types,  but  should  fulfil  their  object. 

Anderson— BOILER  FEED  WATER  :  A  Practical  Treatise  on  its 

8uality,  Effects  and  Purification.     By  Fred.  A.  Anderson,  B.Sc.  (Lond.),  F.I.C.,  F.C.S. 
loth  Bound.     6s.  nett. 

The  great  increase  in  the  working  pressure  of  steam  boilers  during  the  last  few  years,  and 
the  wide  adoption  ot"  water-tube  boilers,  have  directed  attention  more  generally  to  the  subject  of 
the  quality  of  the  water  used  for  boiler  feed.  .  .  .  In  this  book  an  attempt  has  been  made  to 
give  a  concise  account  of  the  most  important  impurities  to  be  met  with  in  feed  waters,  especially 
in  land  installations,  together  with  the  methods  for  their  detection  and  removal, 

Atkins— COMMON    BATTERY    TELEPHONY    SIMPLIFIED. 

By  W.  Atkins,  Engineer,  P.O.  Telephones.    Now  Ready.    33.  nett,  post  free,  35.  6d  . 
Crown  8vo.     150  Diagrams. 

Extract  from  Preface. — This  book  is  essentially  one  for  the  practical  man  and  the  modern  student. 
It  does  not  deal  with  the  history  of  the  science  of  telephony,  nor  with  magneto  systems  which  are 
now  obsolete,  excepting  to  explain  the  working  of  small  magneto  instruments  which  are  frequently 
met  with  in  private  installations,  where  the  distance  from  the  public  exchange  is  too  great  for  common 
battery  working.  Although  minute  details  of  the  apparatus  employed  are  not  given,  it  is  hoped 
that  the  essential  principles  underlying  the  action  of  all  such  apparatus  is  sufficiently  well  described. 
All  diagrams  of  circuit  arrangements  have  been  drawn  as  simple  as  possible.  Actual  wiring  diagrams 
are,  therefore,  not  given,  but  it  is  believed  that  these  latter  will  present  a  less  formidable  appearance 
than  they  do  to  many  at  present  if  the  simple  sketches  in  this  book  are  looked  into. 

Ayrton— THE    ELECTRIC    ARC.       By    Mrs.   Ayrton,    M.I.E.E. 

Very  fully  Illustrated.     Price  125.  6d. 

Abstract  from  Author's  Preface. — This  book  owes  its  origin  to  a  series  of  articles 
published  in  The  E  fee  trician  in  1895-6.  In  experimenting  on  the  arc  my  aim  was  not  so  much  to  add 
to  the  large  number  of  isolated  facts  that  had  already  been  discovered,  as  to  form  some  idea  of  the 
bearing  of  these  upon  one  another,  and  thus  to  arrive  at  a  clear  conception  of  what  takes  place  ia 
each  part  of  the  arc  and  carbons  at  every  moment. 

Baines— BEGINNER'S    MANUAL    OF    SUBMARINE    CABLE 

TESTING  AND   WORKING.    By  G.  M.  Baines.     Third  Edition.    Clotb.    73. 6d. 

nett,  post  free  8s. 

This  book  has  been  written  to  meet  the  requirements  ot  those  about  to  commence  the  study 
of  Submarine  Telegraphy.  All  subjects  demanding  attention  have  been  brought  within  the  scope 
of  the  volume  and  have  been  dealt  with  at  sufficient  length  to  enable  an  intelligible  idea  to  be 
obtained  of  them.  With  regard  to  the  algebraical  portion  of  the  study,  all  the  formulae  have  been 
worked  out  step  by  step,  and,  where  convenient,  have  been  supplemented  by  arithmetical 
equivalents.  The  book  is  divided  into  18  chapters,  and  deals  with  :  Batteries,  Ohm's  Law,  Joint 
Resistance,  Wheatstone  Bridge,  Bridge  Measurements,  Insulation  Test  by  Direct  Deflection, 
Inductive  Capacity,  Internal  Resistance  and  E.M.F.  ot  a  Battery,  &c.,  Current  Strength  in 
Wheatstone  Bridge,  &c. ;  also  Tests  of  Broken  or  Faulty  Cables,  and  Description  of  Submarine 
Telegraph  Apparatus,  &c. 

Barker,  E.  Raymond—^  RAYMOND-BARKER,  E.,  p.  12. 
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Beaumont— THE  STEAM-ENGINE  INDICATOR  AND  INDI- 
CATOR DIAGRAMS.  Edited  by  W.  W.  Beaumont,  M.I.C.E.,  M.I.M.E.,  &c.  New 
and  Enlarged  Edition,  Now  Ready.  6s.  nett,  post  free. 

The  object  ot  this  book  is  to  place  in  the  hands  of  students  and  practical  men  a  concise 
guide  to  the  objects,  construction  and  use  of  the  indicator,  and  to  the  interpretation  of  indicator 
diagrams.  Lengthy  discussion  of  theoretical  or  hypothetical  matters  has  been  avoided.  The 
behaviour  of  steam  and  its  expansion  under  different  conditions  have  been  treated  in  a  simple 
manner  so  far  as  these  questions  are  important  to  the  consideration  of  indicator  diagrams  in 
their  most  usual  practical  applications. 

Bond— RATING     OF     ELECTRIC     LIGHTING,     ELECTRIC 

TRAMWAY  AND  SIMILAR  UNDERTAKINGS.  By  W.  G.  Bond.  Cloth,  8vc, 
price  as.  6d.  nett. 

This  little  book  is  intended  for  the  use  of  Directors,  Secretaries,  Engineers  and  other 
Officials  connected  with  Electric  Traction,  Lighting  and  Power  Distribution  Companies.  The 
chief  object  of  the  Author  has  been  to  enable  those  who  are  not  familiar  with  the  principles  and 
practice  of  rating  to  ascertain  for  themselves  whether  the  Rateable  Value  of  their  property  is 
reasonable  or  excessive,  and  thus  avoid  unnecessary  expense  at  the  outset. 

Boult— COMPREHENSIVE  INTERNATIONAL  WIRE  TABLES 

FOR  ELECTRIC  CONDUCTORS.     By  W.  S.  Boult.    Price  4s.  post  free. 

Broughton— ELECTRIC    CRANES :   Their   Design,    Construction 

and  Application.      By  H.   H.  Broughton,  A.M.I.E.E.,  A.Am.I.E.E.,   A  M.I.M.E.,  Whitworth 

Exhibitioner,  Head  of  the  Electrical  Engineering  Department  and  Lecturer  on  Machine  Design  and 

Structures  at  the  Municipal  Technical  College,  Brighton. 
NOW  READY.    25s.  nett.    Postage  9d.  U.K.,  Abroad  Is.  8d.    About  900  pages.     More  than  600 

Illustrations  (nearly  all  original  for  this  book).    Nearly  100  Tables  (many  of  special  value),  Folding 

Plates,  Scale  Drawings,  Curves  and  specially  made  Photographic  reproductions. 

This  book  is  the  most  comprehensive  work  ever  published  on  the  important  subject  of  the  Design, 
Construction  and  Application  of  Electric  Cranes  and  Hoists.  It  is  the  first  Volume  of  a  complete 
Manual  on  Lifting  and  Hauling  Machinery.  Careful  attention  is  given  to  the  question  of  the  electric 
equipment  of  cranes,  and  the  treatment  is  such  as  to  be  readily  understood  by  those  engineers,  designers 
and  draughtsmen  whose  knowledge  of  heapy  electrical  engineering  is  limited  to  elementary  principles. 
In  the  chapter  devoted  to  electrical  equipment,  motors,  electro-mechanical  brakes,  controllers,  collectors 
switchgear  and  wiring  are  considered.  A  large  number  of  wiring  diagrams  are  included,  and  safety 
devices  of  approved  construction  are  described.  The  important  question  of  the  rating  of  mot9rs  for 
intermittent  service  is  considered  at  length,  and  keeping  in  mind  the  needs  of  mechanical  engineers, 
practical  information  takes  the  place  of  theoretical  discussion.  Many  fully  worked  out  examples  are 
given  in  connection  with  the  section  on  structural  steelwork,  and  constants  of  the  utmost  value  to  the 
consultant  and  to  the  designer  are  included.  Dimensioned  working  drawings  of  cross-girders,  gantries, 
jibs,  pedestals  and  superstructures  characterise  the  section  on  the  structural  part  of  cranes,  as  also  do 
the  typical  specifications  of  work  of  the  highest  class.  The  question  of  the  power  required  to  drive 
cranes  and  crane  mechanisms  is  considered  in  detail,  and  several  examples  are  worked  out.  Special 
attention  is  given  to  mechanical  equipment,  and  a  large  number  of  constants  and  design  coefficients 
are  included.  The  design,  construction  and  arrangement  of  mechanical  brakes  also  receive  adequate 
treatment.  Considerable  space  is  devoted  to  overhead  cranes,  to  gantry  cranes  and  to  jib  cranes,  and 
the  examples  selected  represent  the  most  recent  practice.  The  many  special  cranes  and  crane  systems 
used  in  shipyards  and  in  steelworks  are  described  in  detail,  and  the  drawings  of  the  British,  German  and 
American  built  cranes  will  be  invaluable  to  designers,  constructors  and  users. 

There  are  15  Chapters,  and  the  following  is  a  synopsis  of  the  Contents  :  Chapter  I.,  Introductory- 
Chapter  II.,  Electric  Equipment — Chapter  III.,  Structural  Steelwork— Chapter  IV.,  Power  required  to 
Drive  Cranes — Chapter  V.,  Mechanical  Equipment — Chapter  VI.,  Crane  Arrangements — Chapter  VII., 
Arrangement  of  Crane  Mechanisms— Chapter  VIII.,  Design  of  Crane  Mechanisms — Chapter  IX., 
Overhead  Travelling  Cranes  and  Gantry  Cranes— Chapter  X.,  Jib  Cranes— Chapter  XI.,  Building  Slip 
Equipments— Chapter  XII.,  Fitting-out  Basin  Cranes— Chapter  XIII.,  Steelworks  Cranes — Chapter 
XIV.,  Specifications— Chapter  XV.,  Properties  of  Sections  and  Conductors. 

Carter— MOTIVE  POWER  AND  GEARING  FOR  ELECTRICAL 

MACHINERY:  A  Treatise  on  the  Theory  and  Practice  of  the  Mechanical  Equipment 
of  Power  Stations  for  Electric  Supply,  and  for  Electric  Traction.  By  the  late  E.  Tremlett 
Carter,  C.E.,  M.l.E.E.  650  pages,  200  Illustrations,  Scale  Drawings  and  Folding 
Plates,  and  over  80  Tables  of  Engineering  Data.  In  one  volume.  New  edition,  revised 
by  G.  THOMAS-DAVIES.  Now  Ready.  Price  6s.  6d.  nett,  post  free  75. 

Part     I.— Introductory.  Part  II.— The  Steam  Engine.  Part  III.— Gas  and  Oil  Engines. 

Part  IV.— Water  Power  Plant.  Part  V.— Gearing.  Part  VI.— Types  of  Power  Stations. 

Cooper— PRIMARY   BATTERIES:   THEIR   CONSTRUCTION 

AND  USE.  By  W.  R.  Cooper,  M.A.  Fully  Illustrated.  Price  IDS.  6d.  nett. 
Authors  Preface — Extract. — Primary  Batteries  form  a  subject  from  which  much  has  been 
hoped,  and  but  little  realised.  But  even  so,  it  cannot  be  said  that  the  advance  has  been  small  ; 
and  consequently  no  apology  is  offered  for  the  present  volume,  in  which  the  somewhat  scattered 
literature  of  the  subject  has  been  brought  together.  Recent  years  have  seen  important  additions 
to  the  theory  of  the  voltaic  cell,  and  therefore  a  considerable  number  of  pages  have  been  devoted 
to  this  part  of  the  subject,  although  it  is  impossible  to  do  more  than  give  a  superficial  sketch  of 
the  theory  in  a  volume  like  the  present.  With  regard  to  the  practical  part  of  the  subject,  this 
volume  is  not  intended  to  be  encyclopaedic  in  character  ;  the  object  has  been  rather  to  describe 
those  batteries  which  are  in  general  use,  or  of  particular  theoretical  interest.  As  far  as  possible, 
the  Author  has  drawn  on  his  personal  experience,  in  giving  practical  results,  which,  it  is  hoped, 
will  add  to  the  usefulness  of  the  book.  Owing  to  the  importance  of  the  subject,  Standard  Cells 
have  been  dealt  with  at  some  length.  Those  cells,  however,  which  are  no  longer  in  general  use 
are  not  described  ;  but  recent  work  is  summarised  in  some  detail  so  as  to  give  a  fair  idea  of  our 
knowledge  up  to  the  present  time.  It  has  also  been  thought  well  to  devote  a  chapter  to  Carbon - 
Consuming  Cells. 

Cooper— See  "THE  ELECTRICIAN"  PRIMERS,  page  8. 
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Dawson— ELECTRIC  TRACTION  ON  RAILWAYS.    By  Philip 

Dawson,  M.Inst.C.E.,  M.I.E.E.,  author  of  "  Electric  Tramways  and  Railways,"  and 
"The  Engineering  and  Electric  Traction  Pocket  Book."  1,000  pages,  over  600  illustra- 
tions (nearly  all  original);  royal  8vo.  Handsomely  bound.  Price  255.  nett,  postage 6d. 
U.K.  is.  4d.  abroad. 

This  book  deals  entirely  with  the  application  of  electric  traction  to  railways,  as  distinguished 
from  tramways.  All  the  calculations  necessary  to  determine  the  size  and  type  of  motor  required 
under  any  given  circumstances  are  carefully  gone  into,  and  are  such  as  are  used  in  actual  practice. 
Che  important  question  of  the  calculation  of  motor-driven  axles  is  also  considered  in  detail,  and 
a  complete  example  worked  out.  The  impedance  of  single-phase  lines  equipped  with  overhead 
conductors  is  carefully  gone  into,  and  actual  examples  given  to  show  how  any  quantity  can  be 
ascertained  beforehand  for  any  given  system.  The  question  of  the  calculation  and  construction 
of  catenary  suspension  for  single-phase  railways  is  fully  worked  out,  and  examples  of  different 
forms  of  construction  given.  An  easy,  simple  and  elementary  theory  of  the  siugle-phase  motor 
has  been  specially  prepared  for  this  book,  so  as  to  explain,  as  clearly  and  simply  as  possible,  the 
principles  involved  in  its  construction  and  operation.  Special  attention  is  given  to  practical 
examples  in  connection  with  the  construction  of  trucks  and  car  bodies.  Multiple  unit  control , 
both  for  continuous  and  alternating  currents,  is  fully  gone  into,  and  diagrams  for  all  the  most 
important  constructions  are  given,  as  well  as  illustrations  of  special  details.  Care'ul  attention 
is  given  to  theoretical  and  practical  considerations  in  connection  with  the  design  and  construction 
of  third  rail,  and  all  the  most  important  methods  hitherto  adopted  are  amply  described  and  fully 
illustrated.  A  chapter  is  devoted  to  electric  locomotives,  both  continuous  and  alternating 
current,  designed  for  all  classes  of  service,  and  this  chapter  is  very  fully  illustrated  with  examples 
of  work  actually  carried  out.  A  limited  amount  of  space  is  devoted  to  the  most  important  and 
general  features  connected  with  the  design  and  construction  of  power  stations  and  sub-stations, 
and  general  details.  To  the  subject  of  accumulator  traction  for  railways  all  necessary  space  has 
been  accorded.  Considerable  attention  is  given  to  financial  details  and  estimates  as  regards 
working  costs,  maintenance  costs,  and  all  the  numerous  financial  details  required  for  the 
successful  operation  of  the  electrified  line.  The  work  has  been  prepared  on  the  basis  that  the 
reader  is  acquainted  with  the  principles  underlying  electrical  engineering  data  as  well  as  with 
the  principles  of  railway  construction  and  apparatus,  and  the  book  is  intended  to  supply  that 
special  knowledge,  both  practical  and  theoretical,  which  is  essential  to  every  engineer  who  has 
either  to  equip  or  operate  electric  railways. 

Dick  and  Fernie— ELECTRIC  MAINS  AND  DISTRIBUTING 

SYSTEMS.  By  J.  R.  Dick,  B.Sc.,  M.I.E.E.,  and  F.  Fernie,  A.M.I.C.E.,  A.M.I.E.E. 
Fully  illustrated.  Price  los.  6d.  nett. 

The  authors  have  dealt  with  the  subject  in  such  a  way  that  engineers  and  designers  of  underground 
cable  systems  will  have  available,  in  a  convenient  form  for  reference,  sufficient  information.  It  is  also 
hoped  that  the  book  will  prove  helpful  to  students,  as  well  as  to  engineers  and  contractors,  whose  require 
ments,  especially  from  the  point  of  view  of  design,  have  been  primarily  considered. 

CONTENTS. 

Part  I.,  The  Design  of  Cable  Systems  and  the  Calculation  of  Conductors. 

Chapter  I.,  Introductory ;  Principles  of  Network  Design — Chapter  II.,  Calculation  of  Distributors 
—Chapter  III.,  Association  of  Distributors  and  Feeders — Chapter  IV.,  Design  of  Feeders — Chapter  V., 
Special  Types  and  Arrangements  of  Feeders— Chapter  VI.,  Heating  of  Cables— Chapter  VII., 
Network  Analysis— Chapter  VIII.,  Power  Networks— Chapter  IX.,  Three-Phase  Networks— Chapter 
X.,  Alternating  and  Polyphase  Networks — Chapter  XI.,  Abnormal  Pressure  Rises  on  H.-T.  Alter- 
nating Circuits. — Chapter  XII.,  E.H.T.  and  H.T.  Systems,  Supply  in  Bulk. 

Part  II.,  The  Installation  and  Maintenance  of  Cables  and  Cable  Systems. 

Chapter  I.,  Construction  and  Properties  of  Cables — Chapter  II.,  Testing  of  Cables — Chapter  III.r 
Electrolysis  on  Underground  Systems — Chapter  IV.,  Electric  Osmose  on  Underground  Systems- 
Chapter  V.,  Causes  of  Faults,  Measures  for  Preventing  them — Chapter  VI.,  Cable  Ducts  and  Troughs- 
Chapter  VII.,  Choice  of  Cables  and  Methods  of  Laying — Chapter  VIII.,  Laying  of  Cables  and  Ducts — 
Chapter  IX.,  Records  of  Mains  and  Allocation  of  Costs — Chapter  X.,  Earthing,  Locating  Earths  and 
Earth  Indicators — Chapter  XL,  Cable  and  Jointing  Accessories— Chapter  XII.,  Joints,  Boxes,  Discon- 
necting Boxes  and  Pillars — Chapter  XI 1 1.,  Costs  of  Cables  and  Installation  of  Cables. 

Down— "  THE    ELECTRICIAN"    HANDY     COPPER    WIRE 

TABLES  AND  FORMULAE  FOR  EVERYDAY  USE  IN  FACTORIES  ANI> 
WORKSHOPS.  By  P.  B.  Down,  Wh.Ex.,  A.M.I.M.E.  Price  23.  6d.  nett. 

Eck— LIGHT,  RADIATION  AND  ILLUMINATION.     From  the 

German  of  Panl  Hogner.    Translated  by  Justus  Eck,  M.  A.,  M.I.E.E.,  &c.     Fully  Illus- 
trated.   Price  6s.  nett.     Ready  January,  1913. 
The  important  subject  of  Light,  Radiation  and  Illumination  is  dealt  with  by  Mr.  Hogner 

in  a  very  complete  way,  and  the  student,  as  well  as  the  engineer  and  manufacturer,  will  find  Mr. 

F.ck's  translation  of  Mr.  Hogner's  excellent  scientific  and  literary  work  of  the  greatest  value  in 

connection  with  this  subject.    Both  author  and  translator  have  made  the  subject  their  special 

study  ior  many  years. 

"THE  ELECTRICIAN"  WIREMAN'S  POCKET  BOOK  AND 

ELECTRICAL  CONTRACTOR'S  HANDBOOK-S^  ROBINSON  (A.  W.)  and 
WARRILOW  (W.  E.),  p.  12. 

Ewing— MAGNETIC    INDUCTION   IN   IRON   AND   OTHER 

METALS.  By  Sir  J.  A.  Ewing,  F.R.S.  382  pages,  173  Illustrations.  Third  Edition,. 
Second  Issue.  Price  IDS.  6d.  nett. 

Synopsis  of  Contents. — After  an  introductory  chapter,  which  attempts  to  explain  the 
fundamental  ideas  and  the  terminology,  an  account  is  given  of  the  methods  which  are  usually 
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employed  to  measure  the  magnetic  quality  of  metals.  Examples  are  then  quoted,  showing  the 
results  of  such  measurements  for  various  specimens  of  iron,  steel,  nickel  and  cobalt.  A  chapter 
on  Magnetic  Hysteresis  follows,  and  then  the  distinctive  features  of  induction  by  very  weak  and 
by  very  strong  magnetic  forces  are  separately  described,  with  further  description  of  experimental 
methods,  and  with  additional  numerical  results.  The  influences  of  Temperature  and  ot  Stress  are 
discussed.  The  conception  of  the  Magnetic  Circuit  is  then  explained,  and  some  account  is  given  of 
experiments  which  are  best  elucidated  by  making  use  of  this  essentially  modern  method  of  treatment. 

Fisher  and   Darby— STUDENTS'    GUIDE    TO    SUBMARINE 

CABLE   TESTING.     By  H.  K.  C.  Fisher  and  J.  C.  H.  Darby.    New  and  Enlarged 
Edition.     Fully  Illustrated.    Price  75.  6d.  nett,  post  free;  abroad,  8s. 

The  authors  of  this  book  have,  for  some  years  past,  been  engaged  m  the  practical  work  oi 
Submarine  Cable  Testing  in  the  Eastern  Extension  Telegraph  Company's  service,  and  have  em- 
bodied their  experience  in  a  Guide  for  the  use  of  those  in  the  Telegraph  Service  who  desire  to  qualify 
themselves  for  the  examinations  which  the  Cable  Companies  have  recently  instituted.  To  those 
desirous  of  entering  the  Cable  Service  Messrs.  Fisher  and  Darby's  book  is  indispens  able,  as  it 
is  now  necessary  for  probationers  to  pass  these  examinations  as  part  of  the  qualification  for  service. 
A  valuable  set  of  Questions  and  Answers  is  added  to  the  New  and  Enlarged  Edition, 

Fleming— ELECTRICAL  LABORATORY  NOTES  AND  FORMS. 

Arranged  and  prepared  by  Prof.  J.  A.  Fleming,  M.A.,  D.Sc.,  F.R.S.,  &c. 
This  important  Series  of  Notes  and  Forms  for  the  use  of  Students  in  University  and  other 
Electro-technical  Classes  has  a  world-wide  reputation,  and  many  thousands  of  copies  have  been 
sold.  From  time  to  time,  as  considered  desirable,  the  Notes  and  Forms  have  been  corrected  or 
re-written,  but  the  original  divisions  of  the  forty  Forms  into  "  Elementary"  and  "Advanced" 
has  hitherto  been  observed.  At  the  same  time  it  is  realised  that  the  time  has  come  for  additions 
to  be  made  to  the  original  Set,  and  Dr.  Fleming  has  written  Ten  Additional  Notes  and  Forms 
(Nos.  41  to  50).  It  should  be  remembered  that  the  numerical  order  observed  in  the  above  list  has 
no  relation  to  the  difficulty  or  class  sequence  of  the  exercise,  but  is  simply  a  reference  number  for 
convenience.  The  Subjects  of  the  additional  Notes  and  Forms  are : — 


No.  SUBJECT. 

1.  The  Exploration  of  Magnetic  Fields. 

2.  The  Magnetic  Field  of  a  Circular  Current. 

3.  The  Standardization  of  a  Tangent  Galva- 

nometer by  the  Water  Voltameter. 

4.  The  -\1  easurement  of  i  lectrical  Resistance 

by  the  Divided  Wire  Bridge. 

5.  The  Calibration  of  the  Ballistic  Galvano- 

meter. 

6.  The    Determination  of   Magnetic   Field 

Strength. 

7.  Experiments    with    Standard    Magnetic 

Fiel  s. 

8.  The  Determination  of  the  Magnetic  Field 

in  the  Air  Gap  of  an  Electromagnet. 

9.  The  I  )etermination  of  Resistance  with  the 

Post  Office  Pattern  Wheatstone  Bridge. 

10.  The  Determination  of  Potential  Differ- 
ence by  the  Potentiometer. 

n.  The  Measurement  of  a  Current  by  the 
Potentiometer. 

1 2.  A'Complete  Report  on  a  Primary  Battery. 

13.  The   Standardization  of  a  Voltmeter  by 

the  ^Potentiometer. 

14.  A  Photometric  Examination  of  an  Incan- 

descent Lamp. 

15.  The   Determination    of    the    Absorptive 

Powers  of  Semi-  Transparent  Screens. 

16.  The    Determination    of    the    Reflective 

Power  of  Various  Surfaces. 

17.  The  Determination  of  the  Electrical  Effi- 

ciency of  an  Electromotor  by  the  Cradle 
Method. 

1 8.  The  Determination  of  the  Efficiency  of  an 

Electromotor  by  the  Brake  JV1  ethod. 

19.  The    Efficiency    Test    of    a    Combined 

Motor-Generator  Plant. 

20.  Test  of  a  Gas  Engine  and  Dynamo  Plant. 

21.  The  Determination  of  the  Electrical  Re- 

sistivity of  a  Sample  of  Metallic  Wire. 

22.  The  M  easurement  of  Low  Resistances  by 

the  Potentiometer. 

23.  The  Measurement  of  Armature  Resist- 

ances. 

24.  The  Standardization  of  an  Ammeter  by 

Copper  Deposit. 

25.  The   Standardization  of  a  Voltmeter  by 

the  Potentiometer. 


No.  SUBJECT 

26.  The  Standardization  of  an  Ammeter  by 

the  Potentiometer. 

27.  The  Determination  of  the  Magnetic  Per- 

meability of  a  .Cample  of  Iron. 

28.  The  Standardization  of  a  High  Tension 

Voltmeter. 

29.  1  he  Examination  of  an  Alternate  Current 

Ammeter. 

30.  The  Delineation  of  Alternating  Current 

Curves. 

3 1.  The  Efficiency  Test  of  a  Transformer. 

32.  The  Efficiency  Test  of  an  Alternator. 

33.  The  Photometric  Examination  of  an  Arc 

Lamp 

34.  The  Measurement  of  Insulation  and  High 

Resistance. 

35.  The    Complete    Efficiency    Test    of    a 

Secondary  Battery. 
35.     The  Calibration  of  Electric  Meters. 

37.  The  Delineation  of  Hysteresis  Curves  of 

Iron. 

38.  The  Examination  of  a  Sample  of  Iron  for 

Magnetic  Hysteresis  Loss. 

39.  The  Determination  of  the  Capacity  of  a 

Concent  ic  Cable. 

40.  The  Hopkinson.Test  of  a  Pair  of  Dynamos. 

41.  Determination  of  Dynamo  Efficiency  by 

Routin's  Method. 

42.  Separation  ot  Hysteresis  and  Eddy  Cur- 

rent Losses  in  Continuous-Current 
Dynamo  Armatures. 

43.  Efficiency  Test  of  Two   Equal  Trans- 

formers by  the  Differential  (Sump- 
ner's)  Method. 

44.  Measurement    of    the    Efficiency    and 

Power  Factor  of  a  Polyphase  In- 
duction Motor  by  the  Wattmeter 
Method. 

45.  Determination  of   the  Characteristic 

Curves  of  Dynamo  Machines. 

46.  The  Absolute  Measurement  of  Capa- 

city. 

47.  The  Measurement  of  Inductances. 

48.  The  Test  of  a  Rotary  Converter. 

49.  The  Parallelisation  of  Alternators. 

50.  The  Examination  of  an  Alternating- 

Current  Motor. 


These  "  Electrical  Laboratory  Notes  and  Forms  "  have  been  prepared  to  assist  Teachers, 
Demonstrators  and  Students  in  Electrical  Laboratories,  and  to  enable  the  Teacher  to  economise 
time.  They  now  r..nsi--t  of  a  wries  of  50  Exercises  in  Pmctic-'il  Electrical  Measurements  and 
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Testing-.  For  each  of  these  Exercises  a  four-page  Report  Sheet  has  been  prepared,  two  and  some- 
times more  pages  of  which  are  occupied  with  a  condensed  account  of  the  theory  and  practical  in- 
structions for  performing  the  particular  Experiment,  the  other  pages  being  ruled  up  in  lettered 
columns,  to  be  filled  in  by  the  Student  with  the  observed  and  calculated  quantities.  These 
Exercises  are  perfectly  general,  and  can  be  put  into  practice  in  any  Laboratory. 

Each  Form  is  supplied  either  singly  at  4d.  nett,  or  at  33.  6d.  per  dozen  nett  (assorted  or 
otherwise  as  required);  in  Sets  of  any  Three  at  is.  nett;  or  the  Complete  Set  of  50  Exercises, 
price  i2s.  6d.  nett,  or  in  a  handy  Portfolio,  143.  nett,  or  bound  in  strong  Cloth  Case,  price  155.  nett, 
Spare  Tabulated  Sheets  for  Observations,  price  id.  each  nett.  Strong  Portfolios  can  also  be 
'ied,  price  is.  6d.  each.  The  best  quality  Foolscap  Sectional  Paper  for  Drawings  (i6in.  by 

can  be  supplied,  price  gd.  per  dozen  sheets  nett. 

A  Sample  Copy  of  any  one  of  the  Notes  and  Forms  will  be  sent  post  free  to  any  Teaching 
Establishment,  or  to  the  Professor  or  Demonstrator  of  a  Class  for  Electro-Technology.  A  complete 
Prospectus  will  also  be  sent  post  free  on  application. 

N.B. — A  limited  number  of  the  first  4-O  of  the  NOTES  AND  FORMS,  set  out  on  previous  page, 
can  be  supplied  in  a  smaller  size  (io|  by  8),  bound  in  strong  cloth,  price  6s.  nett,  post  free. 

Fleming— THE    ALTERNATE     CURRENT    TRANSFORMER 

IN   THEORY   AND    PRACTICE.      By  Prof.   J.  A.  Fleming,  M.A.,  D.Sc.,  F.R.S., 
Vol.    I.       and   Edition — Almost    entirely  Rewritten,    and   brought  up  to  date.     More 
than  600  pages  and  213  illustrations,  i2s.  6d.  post  free;   abroad,  135.  Vol.  II.    Thirdissue. 
More  than  600  pages  and  over 300  illustrations,  123.  6d.  post  free;  abroad,  135. 
Since  the  first  edition  of  this  Treatise  was  published,  the  study  of  the  properties  and  appli- 
cations of  alternating  electric  currents  has  made  enormous  progress The  Author  has, 

accordingly,  rewritten  the  greater  part  of  the  chapters,  and  availed  himself  of  various  criticisms 
with  the  desire  ot  removing  mistakes  and  remedying  defects  of  treatment.  In  the  hope  that  this 
will  be  found  to  render  the  boot  still  useful  to  the  increasing  numbers  of  those  who  are  practically 
engaged  in  alternating-current  work,  he  has  sought,  as  far  as  possible,  to  avoid  academic  methods 
and  keep  in  touch  with  the  necessities  of  the  student  who  has  to  deal  with  the  subject  not  as  a 
basis  for  mathematical  gymnastics  but  with  the  object  of  acquiring  practically  useful  knowledge. 

Fleming— A  HANDBOOK  FOR.  THE  ELECTRICAL  LABORA- 
TORY AND  TESTING  ROOM  By  Dr.  J.  A.  Fleming,  M.A.,  F.R.S., M.R.I ,  &c. 
Vol.  I.,  price  izs.  6d.  nett,  post  free  133.  Vol.  II.,  145.  nett. 

This  Handbook  has  been  written  especially  to  meet  the  requirements  of  Electrical 
Engineers  in  Supply  Stations,  Electrical  Factories  and  Testing  Rooms.  The  Book  consists  of  a 
series  ot  Chapters  each  describing  the  most  approved  and  practical  methods  of  conducting  some 
one  class  of  Electrical  Measurements,  such  as  those  of  Resistance,  Electromotive  Force,  Current, 
Power,  &c.,  &c.  It  does  not  contain  merely  an  indiscriminate  collection  ot  Physical  Laboratory, 
processes  without  regard  to  suitability  tor  Engineering  Work.  The  Author  has  brought  to 
its  compilation  a  long  practical  experience  of  the  methods  described,  and  it  will  be  found  to  be  a 
digest  of  the  best  experience  in  Electrical  Testing.  The  Volumes  contain  a  useful  Chapter  on 
the  Equipment  of  Electrical  Laboratories  and  numerous  Tables  of  Electrical  Data. 

SYNOPSIS  OF  CONTENTS. 


Vol.  I. 

Chapter  I. — Equipment  of  an  Electrical  Test- 
ing Room. 
,,      II.— The    Measurement    of    Electrical 

Resistance. 
„    III.— The     Measurement     oi     Electric 

Current. 
„     IV.— The  Measurement  ofE.M.F. 

V. — TheMeasurementofElectricPower. 


Vol.  II. 

Chapter  I.— The  Measurement  of  Electric 
Quantity  and  Energy. 

,,  II. — The  Measurement  of  Capacity 
and  Inductance. 

„      Ill.-Photometry. 

„      IV. — Magnetic  and  Iron  Testing. 

„  V. — Dynamo,  ivlotor  and  Transformer 
Testing. 


Fleming—  HERTZIAN    WAVE     WIRELESS     TELEGRAPHY: 

A  Reprint  of  a  series  of  articles  in  the  "  Popular  Science  Monthly,"  based  upon  Dr. 
Fleming's  Cantor  Lectures  before  the  Society  of  Arts,  1903.  By  Dr.  J.  A.  Fleming, 
F.R.S.  108  large  8vo.  pages,  fully  illustrated.  33.  6d.  nett. 

Fleming—  ELECTRIC  LAMPS  AND   ELECTRIC   LIGHTING. 

By  Prof.  J.  A.  Fleming,  M.A.,  D.Sc.,  F.R.S.  Second  Edition.  Very  fully  illus- 
trated, handsomely  bound,  on  good  paper,  price  6s.  nett. 

Fleming—  THE  CENTENARY  OF  THE  ELECTRIC  CURRENT. 

1799—1895.  By  Prof.  J.  A.  Fleming,  F.R.S.  With  Illustrations  of  early  apparatus  and 
interesting  Chronological  Notes.  In  neat  paper  covers  is.  nett,  post  free  is.  3d. 

Fleming—  THE  ELECTRONIC  THEORY  OF  ELECTRICITY. 

By  Prof.  J.  A.  Fleming,  M.A.,  D.Sc.,  F.R.S.     Price  is.  6d.  post  free. 

Fynn—  THE  CLASSIFICATION  OF  ALTERNATE  CURRENT 

MOTORS.     By  V.  A.  Fynn,  M.I.E.E..     Fully  'Illustrated.     33.  nett. 

Geipel  and   Kilgour—  A  POCKET-BOOK    OF   ELECTRICAL 

ENGINEERING  FORMULAE,  &c.      By  W.  Geipel  and  H.  Kilgour.     Second  Edition. 
800  pages.     73.  6d.  nett;  post  free  at  home  or  abroad,  75.  qd. 
With  the  extension  of  all  branches  of  Electrical  Engineering  (and  particularly  the  heavier 


increases  ;  for  while  there  are  many  such  books  referring  to  Mechanical  Engineering,  and  several 
dealing  almost  exclusively  with  the  lighter  branches  of  electrical  work,  none  of  these  suffice  for  the 

Eurposes  of  the  numerous  body  of  Electrical  Engineers  engaged  in  the  application  of  electricity  to 
ignting,  Traction,  Transmission  of  Power,  Metallurgy,  and  Chemical  Manufacturing. 
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Edited  by  Mr.  W.  R.  COOPER,  M.A.,  B.Sc.,  M.I.E.E. 

Each  Primer  is  complete  in  itself  and  gives  a  clear  insight  into  the  subject  dealt  with. 

There  are,  in  all,  over  80  PRIMERS  in  this  Collection.  The  complete  set  comprises  over  1,000  pages 
and  (approximately)  550  Illustrations,  the  greater  portion  specially  drawn  and  made  for  these  vol- 
umes, and  consequently  Copyright.  Following  is  a  list  of  the  subjects  dealt  with  :— 


Vol.  I.    THEORY    (25 

Primeis.)   Price  3s.  6d.  nett. 
(For  price  of  Single  Copies 
see  below.) 
1.  Effects  of  an  Electric  Current    (—  ) 
2.  Conductors  and  Insulators  .  .    (—  ) 
3.  Ohm's  Law        (8) 
4.  Electrical  Units  —  ) 
6.  Curves  and  their  Uses         ..      (4) 
6.  Primary  Batteries      ..        ..      (7) 
7.  Arrangement  of  Batteries     ..     (8) 
Electrolysis        (1) 
9.  Secondary  Batteries    ..        ..    (10) 
10.  Alternating  Currents  .  .        .  .      (4) 
11.  Lines  of  Force    (9) 
12.  Magnetism  and  the  Magnetic 
Properties  of  Iron    ..        ..      (4) 
18.  Galvanometers  (11) 
14.  Electrical  Measuring  Instru- 

Vol.  II.      Price  6s.  nett.     (For  Price  of 
Single  Copies  see  below.) 

ELECTRIC  TRACTION, 
ELECTRIC  LIGHTING  and 
ELECTRIC    POWER 

(31  Primers.) 

25.  Dynamos  and  Direct  Current  Motors     (8) 
26.  Alternators  and  Alternate  -  Current 

Vol.  III.  Price  4s.  6d.  nett.    (For  price 
ofstngle  Copies  see  below.) 

TELEGRAPHY, 
TELEPHONY, 
ELECTROLYSIS  and 
MISCELLANEOUS 
APPLICATIONS  OF 
ELECTRICITY. 
(25  Primers.) 

Telegraphy:— 

56.  Elements  of  Land,  Submarine  and 

27.  Transformers  and  Converters..       ..    (12) 
28  Testing  Electrical  Machinery  .  .        .  .      (2) 
29.  Management  of  Dynamos  and  Elec- 
tric Machinery    (2) 
30   Electric  Wires  and  Cables       ..        ..      (5) 
31.  Underground  Mains       (7) 

16.  Electrical  Measurement  s      .  .     (It 
16.  Electricity  Meters  tDirect  Cur- 
rent)          (15) 
16A.  Ditto    Alternating  Current)    (19 
17.  The  Induction  Coil     .  .       .  -      ( 
18.  Condensers         ( 
19.  Influence  Machines     ..        ..      (4 
20.  Rontgen  Rays  &  Radiography     (8 
21.  Lightning  Protectors  ..        ..      (R 
22.  Thermopiles        (4 
28.  Arithmetic  of  Electricity       .  .    (— 
21.  Constants  and  Tables  .  .        .  .       3 

58.  Double-Current  Working         .  .        .  .    (10) 
59.  Diplex  and  Quadruplex  (9) 
60.  Multiplex       (3) 
61.  Automatic      Telegraph      Apparatus 
(Wheatslone    Transmitter,     Auto. 
Curb   Transmission,  Auto.  Trans- 
mission  for  Submarine  Cables)      ..    (11) 
62  Cable  Stations:  General  Working  and 
Electrical  Adjustments         ..        ..    (23 
63.  Laying,  Jointing  and  Repair  of  Sub- 
marine  Cables      (ID 
61.  Testing  Submarine  Cables      ..       ..      ( 
65.  TestingLand  Lines         (1) 
66.  Aerial  Telegraph  Line  Construction 
and  Jointing       (3) 
67.  Wireless  Telegraphy       (9) 

Telephony:— 

33'  Switchboard  Devices       (22) 
34.  Systems  of  Elec.  Distribution  ..       ..      (5) 
35.  Electric  Transmission  of  Power       ..    (—  ) 
36  Tramway  Traction  by  TKOLLET      ..    (17) 
37  Tramway  Traction  by  CONDUIT       ..      (5) 
38.  Tramway  Traction  by  SUEFACB  Cow- 

In  addition  to  over   Eighty 
Primers  comprised  in  the  three 
volumes,    all    upon    carefully 
selected  subjects  of  both  scien 
tific    and    industrial   interest 
each  volume  contains  an  ample 
Glossary    of    Electro- 
Technical          Words 
Terms  and   Phrases 
to  aid  the  Student,  Artisan  an< 
General  Reader  in  his  compre 
hension  of  the  sub'ects  deal 
with.    Bach  individual  Prime 
is  followed  by  a  List  of  Suitable 
Books,    &c.,    to   be   consulted 
where  the  study  of  any  par 
ticular  subject  is  desired  to  be 
extended. 

39.  Tramway  Traction  by  ACCDMULA- 

TOES  (2) 
40.  Electric  Railways—  Surburban  Lines     (6) 
41.  Electric  Automobiles       (6) 
42.  Electric  Ignition    (17) 
43.  Incandescent  Lamps       (12) 
44.  Arc  Lamps     (9) 

46!  House  Wiring  for  Electric  Light     ..      (7) 
47.  Electric    Driving  iu    Factories  and 
Electric  Cranes  (1) 
48    Electric  Lifts  (3) 

69.  Telephone  Sets       (7) 
70.  Telephone  Exchanges     (10) 
71.  Telephone  Lines     (9) 
72.  Electric  Bell   Fitting  and    Internal 
Telephone  Wiring        18) 

Miscellaneous  :— 
73.  Electric  Heating  &  Cooking    ..       .      (18) 
74    Electric  Welding    .       (4) 

49.  Steam  Engines       (—  ) 
60.  Steam  Boilers          (10) 
51.  The  Equipment  of  Electricity  Gene- 
rating Stations    (4) 
52.  Gas  and  Oil  Engines       (14 
53.  Producer  Plant       (ll 
54.  Comparative  Advantages  of    Steam 
and     Producer    Gas    for     Power 
Production           (— 
55.  Designing  and  Estimating  for  Small 
Installations        (— 
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77.  Industrial  Electrolysis  (3) 
78  Photo  Engraving                                       (8) 
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Gerhardi— ELECTRICITY  METERS,  THEIR  CONSTRUCTION 

AND    MANAGEMENT.    A  Practical  Manual  for  Central  Station  Engineers,  Distri- 
buting Engineers,  and  Students.    By  C.  H.  W.  Gerhardi.    8vo.    Fully  illustrated,     gs.  nett. 
The  Author  ot"  this  valuable  Practical  Manual  on  the  Management  of  Electricity  Meters 


tion,  5s  a  guarantee  that  the  book  will  meet  the  requirements  of  those  engaged  in  work  in  which  the 
Electricity  Meter  forms  an  essential  part. 

Goldschmidt— ALTERNATING    CURRENT    COMMUTATOR 

MOTORS.  By  Dr.  Ing.  R.  Goldschmidt.  Over  600  pages.  Fully  Illustrated,  with  many 
Tables  and  Curves.  6s.  6d.  nett. 

This  work  is  divided  into  two  parts.  The  first  consists  of  a  series  of  articles  on  Commutator  Motors 
which  have  been  reprinted  from  The  Electrician  and  revised  and  expanded  by  the  author.  The  second 
part  is  also  made  up  of  articles  which  gives  the  result  of  the  author's  experience  on  the  Leakage  of 
Induction  Motors.  The  Treatise  contains  many  Tables  and  Curves  intended  for  the  handy  use  of  the 
designer  of  Induction  Motors. 

Gore— THE    ART    OF    ELECTROLYTIC     SEPARATION    OF 

METALS.  By  Dr.  George  Gore.  Over  300  pages,  106  illustrations.  Price  los.  6d.  post  free. 
Dr.  Gore's  work  is  of  the  utmost  service  in  connection  with  all  classes  of  electrolytic  work  con- 
nected with  the  refining  of  metals.     The  book  contains  both  the  science  and  the  art  of  the  subject 
(both  the  theoretical  princip'es  upon  which  the  art  is  based  and  the  practical  rules  and  details  of  tech- 
nical application  on  a  commercial  scale),  so  that  it  is  suitable  for  both  students  and  manufacturers. 

Gore— ELECTRO-CHEMISTRY.       By   Dr.  G.  Gore.        Price   23. 

At  the  time  when  this  book  first  appeared  no  separate  treatise  on  Electro-Chemistry 
existed  in  the  English  language,  and  Dr.  Gore,  whose  books  on  electro-metallurgy,  electro- 
deposition  and  other  important  branches  of  electro-technical  work  are  known  throughout  the 
world,  has  collected  together  a  mass  of  useful  information,  arranged  in  consecutive  order,  and 
giving  brief  descriptions  of  the  laws  and  general  principles  which  underlie  Electro-Chemistry. 

Hansard— TRAMWAY   TRACTIVE    EFFORT    AND    POWER 

DIAGRAM.  By  A. G.  Hansard.  2s.6d.,  post  free  in  tube  3s.,mounted  on  linen,  53., post  free. 

Hawkins— THE   THEORY   OF   COMMUTATION.      By   C.   C. 

Hawkins,  M.A.,  M.I.E.E.     Paper  covers,     as.  6d.  nett. 

Heather— ELECTRICAL  ENGINEERING  FOR  MECHANICAL 

AND  MINING  ENGINEERS.  By  H.  J.  S.  Heather,  B.A.,  M.I.C.E.,  M.I.E.E. 
356  pages,  183  illustrations.  Now  Ready,  gs.  nett,  post  free  9/5. 

The  basis  of  the  present  work  is  a  series  of  20  Lectures  prepared  for  and  delivered  to  the  resident 
mechanical  engineers  of  the  mines  of  the  Witwatersrand,  South  Africa.  The  matter  of  the  Lectures 
has  been  carefully  revised  and  amplified  by  the  author,  so  that  the  book  should  prove  very  useful,  not 
only  to  Resident  Engineers  and  Managers  of  Mines,  but  to  Mechanical  Engineers  generally  and  all 
who  are  engaged  in  the  Care  and  Management  of  Electrical  and  Mining  Plant  and  Machinery. 

Synopsis  of  Lectures. — I.,  The  Electric  Circuit,  Continuous  Currents  ;  II.,  Resistance  ;  III.  and 
IV.,  Alternating  Currents  ;  V.,  Recapitulation  of  First  Four  Lectures ;  VI.,  Electrical  Measurements  ; 
VII.  and  VIII.,  Continuous-current  Dynamos  ;  IX.,  Continuous-current  Motors  and  Parallel  Running 
of  Dynamos;  X.  and  XI.,  Alternating-current  Generators;  XII.,  Synchronous  Motors  and^Parallel 
Running  of  Alternators  ;  XIII.  and  XIV..  Transformers  ;  XV.  and  XVI.,  Polyphase  Systems  ;  XVII., 
Polyphase  Transformations;  XVIII.  and  XIX.,  Indue. ion  Motors;  XX.,  The  Effects  of  Running 
Under  Abnormal  Conditions. 

Heaviside— ELECTROMAGNETIC  THEORY.     By  Oliver  Heavi- 

side.  Vol.1.  Second  issue.  466  pages.  Price  i2s.6d.,  post  free  135.  Vol.  II.  568  pasres. 
Price  i2S.  6d.  post  free;  abroad  135.  Vol.  III.  Price  2is.  nett,  post  free  2is.  6d.; 
abroad  225. 

Extract  from  Preface  to  Vol.  I. — This  work  is  something  approaching  a  connected  treatise 
on  electrical  theory, 'though  without  the  strict  formality  usually  associated  with  a  treatise.  The 
following  are  some  of  the  leading  points  in  this  volume.  The  first  chapter  is  introductory.  The 
second  consists  of  an  outline  scheme  of  the  fundamentals  of  electromagnetic  theory  from  the 
Faraday-Maxwell  point  of  view,  with  some  small  modifications  and  extensions  upon  Maxwell's 
equations.  The  third  chapter  is  devoted  to  vector  algebra  and  analysis,  in  the  form  used  by  me 
in  former  papers.  The  fourth  chapter  is  devoted  to  the  theory  of  plane  electromagnetic  waves, 
and,  being  mainly  descriptive,  may  perhaps  be  read  with  profit  by  many  who  are  unable  to  tackle 
the  mathematical  theory  comprehensively.  I  have  included  the  application  of  the  theory  (in 
duplex  form)  to  straight  wires,  and  also  an  account  of  the  effects  of  self-induction  and  leakage. 

Extract  from  Preface  to  Vol.  II. — From  one  point  of  view  this  volume  consists  essentially 
of  a  detailed  development  of  the  mathematical  theory  of  the  propagation  of  plane  electro- 
magnetic waves  in  conducting  dielectrics,  according  to  Maxwell's  theory,  somewhat  extended. 
From  another  point  of  view,  it  is  the  development  of  the  theory  of  the  propagation  of  waves  along 
wires.  But  on  account  of  the  important  applications,  ranging  from  Atlantic  telegraphy,  through 
ordinary  telegraphy  and  telephony,  to  Hertzian  waves  along  wires,  the  Author  has  usually 
preferred  to  express  results  in  terms  of  the  concrete  voltage  and  current,  rather  than  the  specific 
electric  and  magnetic  forces  belonging  to  a  single  tube  of  flux  of  energy.  .  .  .  The  theory  of 
the  latest  kind  of  so-called  wireless  telegraphy  (Lodge,  Marconi,  &c.)  has  been  somewhat 
anticipated,  since  the  waves  sent  up  the  vertical  wire  are  hemispherical,  with  their  equatorial 
bases  on  the  ground  or  sea,  which  they  run  along  in  expanding.  (See  \  60,  Vol.  I.  ;  also  $393  in 
this  volume.)  The  author's  old  predictions  relating  to  skin  conduction,  and  to  the  possibilities  of 
long-distance  telephony  have  been  abundantly  verified  in  advancing  practice;  and  his  old 
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predictions  relating  to  the  behaviour  of  approximately  distortionless  circuits  have  also  received 
Fair  support  in  the  quantitative  observation  of  Hertzian  waves  along  wires. 

Vol.  III.  of  Mr.  Oliver  Heaviside's  very  important  work  on  Electromagnetic  Theory  is. 
NOW  Ready  and  it  will  he  found  to  be  a  most  important  addition  to  the  previous  volumes.  The 
opening  chapter  ot  Vol.  III.  deals  with  ''  Waves  from  Moving  Sources  "  and  after  two  appendices 
on  the  Size  and  Inertia  ot  Electrons  and  on  Vector  Anajysis,  there  is  a  lengthy  and  very  valuable 
chapter  on  ''Waves  in  the  Ether."  The  new  volume  will  provide  the  means  of  solving  many  of 
the  problems  which  those  engaged  in  practical  electrical  industrial  operations  are  called  upon  to- 
consider,  and  it  will  also  be  a  work  of  inestimable  value  to  the  scientist. 

Heaviside—  "ELECTRICAL  PAPERS."     In  Two  Volumes.    By 

Oliver  Heaviside.    Price  £3  :  35.  nett. 

The  first  twelve  articles  of  Vol.  I.  deal  mainly  with  Telegraphy,  and  the  next  eight  with  the 
Theory  of  the  Propagation  of  Variations  of  Current  along  Wires.  Then  follows  a  series  of 
Papers  relating  to  Electrical  Theory  in  general. 

The  contents  of  Vol.  II.  include  numerous  Papers  on  Electro-Magnetic  Induction  and  its 
Propagation,  on  the  Self-induction  of  Wires,  on  Resistance  and  Conductance  Operators  and 
their  Derivatives  Inductance  and  Permittance,  on  Electro-Magnetic  Waves,  a  general  solution 
of  Maxwell's  Electro-Magnetic  Equations  in  a  Homogeneous  Isotropic  Medium,  Notes  on  Nomen- 
clature, on  the  Theory  of  the  Telephone,  on  Hysteresis,  Lightning  Conductors,  &c. 

These  two  Volumes  are  scarce  and  are  not  likely  to  be  reprinted. 

Hickman— THE  PRACTICAL  WIRELESS  SLIDE  RULE.     By 

Dr.  H.  R.  Belcher  Hickman.    Now  Ready.     25.  6d.  nett,  in  envelope,  post  free,  2S.  gd. 

In  leather  case 33.,  pest  free  35.  3d. 

Dr.  Belcher  Hickman 's  Practical  Wireless  Slide  Rule  will  prove  an  indispensable  com- 
panion to  all  who  have  calculations  to  make  in  connection  with  Wireless  Telegraphy,  Telephony 
and  allied  subjects.  The  Slide  Rule  has  been  very  careiully  prepared,  and  has  been  approved  by 
several  of  our  leading  wireless  experts.  The  fullest  directions  are  provided  for  using  the  rule. 

Houston— STUDIES    IN    LIGHT    PRODUCTION.     By   R.   A. 

Houston,  M.A..  Ph.D.,  D.Sc.     5?.  nett,  post  free  53.  6d.     8vo.     Fully  illustrated. 

These  studies  were  written  with  the  purpose  of  collecting  information  about  the  efficiency  of 
our  artificial  illuminants  as  energy  transformers,  both  for  the  sake  of  rendering  the  facts  readily  acces- 
sible and  also  for  information  as  to  the  lines  future  progress  is  likely  to  take.  From  this  standpoint 
photometry  is  not  important,  and  consequently  it  has  not  been  considered. 

The  work  is  composed  of  twelve  chapters,  as  follows: — Chapter  I.,  The  Energy  Spectrum  ; 
II.,  The  Black  Body;  III.,  Flames;  IV.,  The  Welsbach  Mantle  ;  V.,  The  Carbon  Glow  Lamp  ;  VI., 
The  Arc;  VII.,  The  Nernst  Lamp;  VIII.,  Mstal  Filament  Lamps;  IX.,  The  Mercury  Arc;  X., 
The  Light  of  the  Future  ;  XI.,  On  the  Absolute  Measurement  of  Light :  A  Proposal  for  an  Ultimate 
Light  Standard  ;  XII.,  On  Apparatus  and  Experimental  Methods. 

Jehl— CARBON     MAKING    FOR    ALL    ELECTRICAL    PUR- 

POSES.     By  Francis  Jehl.     Fully  illustrated.     Price  103.  6d.  post  free. 

This  work  gives  a  concise  account  of  the  process  of  making  High  Grade  and  other 
Carbon  for  Electric  Lighting,  Electrolytic,  and  all  other  electrical  purposes. 

CONTENTS. 


Chapter    I.— Physical  Properties  of  Carbon. 
„      II.— Historical  Notes. 
„     III.— Facts  concerning  Carbon. 
„      IV.— The  Modern   Process  of  Manu- 
facturing Carbons. 
„       V. — Hints  to  Carbon   Manufacturers 

and  Electric  Light  Engineers. 
„      VI.— A  "  New  "  Raw  Material. 
„    VII.— Gas  Generators. 
„  VIII.— The  Furnace. 


Chapter  IX.— The  Estimation   of  High  Tem- 
peratures. 

,,          X. — Gas  Analysis. 

„        XI. — On    the   Capital    necessary   for 
starting  Carbon  Works.  &c. 

„      XII.— The  Manufacture  of  Electrodes 
on  a  Small  Scale. 

„    XIII.— Building  a  Carbon  Factory. 

„     XIV.— Soot  or  Lamp  Black. 
XV.— Soot  Factories. 


Kennelly  and  Wilkinson— PRACTICAL  NOTES  FOR  ELEC 

TR1CAL  STUDENTS.     Laws,  Units  and  Simple  Measuring  Instruments.    By  A.  E. 
Kennelly  and  H.  D.Wilkinson.     320  pages,  155  illustrations.     Price  6s.  6d.  post  free. 

Kershaw— THE  ELECTRIC  FURNACE  IN  IRON  AND  STEEL 

PRODUCTION.   By  John  B.C.  Kershaw,  F.I.C.  Fully  illustrated.  8vo.  Price  33.  6d.  nett. 

Kilgour— See  GEIPEL  AND  KILGOUR. 

Lawson— DEPRECIATION  OF  ELECTRICITY  SUPPLY  AND 

TRAMWAY  UNDERTAKINGS.     Hanging  Card  Table.     Compiled  by  A.  J.  Lawson, 
M.Inst.C.E.     Price  is.  nett ;  post  free,  is.  2d. 

Lemstrom— ELECTRICITY  IN  AGRICULTURE  AND  HORTI- 
CULTURE.   By  Prof.  S.  Lemstrom.    With  illustrations.    Price  35.  6d.  nett. 
The  late   Dr.    Lemstrom's   work  in  connection  with     the  Application   of    Electricity  to 
Agriculture  and  Horticulture  has  attained  world-wide  tecognition,  and   in   the  development, 
which  this  branch  of  Electrical  Science  and  Application  is  undergoing  Prof.  Lemstrom's  valuable 
early  experiments  prove  of  the  greatest  service.     The  book  is  circulating  in  all  parts  of  the  world, 
as  it  is  realised  that  there  are  great  possibilities  in  front  of  us  in  regard  to  this  great  question. 

Livingstone— THE  MECHANICAL  DESIGN  AND  CONSTRUC- 
TION OF  GENERATORS.    By  R.  Livingstone.    In  Preparation. 
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Livingstone  — THE  MECHANICAL  DESIGN  AND  CON- 
STRUCTION OF  COMMUTATORS.  By  R.  Livingstone.  Very  fully  illustrated 
Now  Ready.  Price  6s.  nett. 

This  book  is  intended  principally  for  draughtsmen  and  engineers  engaged  in  the  design  ot 
electrical  machinery,  but  it  will  also  be  found  useful  by  students.  .  .  .  The  two  types  dealt  with 
represent  the  most  general  present-day  practice  in  commutator  construction,  and  will  serve  to 
show  the  piinciples  involved  in  design. 

Livingstone— LIVINGSTONE'S  DIAGRAM   FOR   THE  EASY 

CALCULATION  OF  SHAFT  AND  BEAM  DEFLECTIONS.  With  fully  worked 
out  examples  for  use.  Now  Ready.  On  hard  paper,  price  2S.  6d.  nett  ;  by  post,  in  tube, 
as.  lod.  On  card,  35.  nett ;  by  post,  in  tube,  35.  6d.  10  per  cent,  reduction  on  orders  for 
6  copies;  15  per  cent,  for  12  to  20  copies  ;  20  per  cent,  above  20  copies  up  to  50  ;  beyond 
5°  33 1  per  cent. 

This  Diagram  will  be  found  indispensable  to  Draughtsmen  and  Engineers  whose  work  involves 
the  calculation  of  Sharfc  and  Beam  deflections.  As  this  class  of  calculation  is  almost  universal  in 
Draughtsmen's  and  Engineers'  offices,  it  is  anticipated  by  the  Publishers  that  a  large  demand  will  arise 
for  this  time  and  labour-savins  device. 

Lodge— WIRELESS  TELEGRAPHY.— SIGNALLING   ACROSS 

SPACE  WITHOUT  WIRES.  By  Sir  Oliver  J.  Lodge,  D.Sc.,  F.R.S.  New  and 
Enlarged  Edition.  Very  fully  illustrated.  Price  55.  nett,  post  free  55.  3d. 
The  new  edition  forms  a  complete  Illustrated  Treatise  on  Hertzian  Wave  Work.  The  Full 
Notes  of  the  interesting  Lecture  delivered  by  the  Author  before  the  Royal  Institution,  London,  iu 
June,  1894,  form  the  first  chapter  of  the  book.  The  second  chapter  is  devoted  to  the  Application 
of  Hertz  Waves  and  Coherer  Signalling  to  Telegraphy,  while  Chapter  III.  gives  Details  of  other 
Telegraphic  Developments.  In  Chapter  IV.  a  history  of  the  Coherer  Principle  is  given,  including 
Proiessor  Hughes'  Early  Observations  before  Hertz  or  Branly,  and  the  work  of  M.  Branly. 
Chapters  are  also  devoted  to  "  Communications  with  respect  to  Coherer  Phenomena  on  a  Large 
Scale,"  the  "  Photo-Electric  Researches  of  Drs.  Elster  and  Geitel,"  and  the  Photo-Electric 
Researches  of  Prof.  Righi. 

Malcolm— THE   THEORY    OF   THE    SUBMARINE   CABLE. 

By  H.  W.  Malcolm,  D.Sc.    In  preparation. 

Maurice— ELECTRIC  BLASTING  APPARATUS  AND  EXPLO- 

SIVES,  WITH   SPECIAL  REFERENCE  TO  COLLIERY   PRACTICE.    By  Wm. 

Maurice,  M.Nat.Assoc.  of  Colliery  Managers,  M.I. Mm. E.,  A.M.I.E.E.  Price  8s.  6d.  nett. 
The  aim  of  this  book  is  to  prove  itself  a  useful  work  oi  reference  to  Mine  Managers, 
Engineers  and  others  engaged  in  administrative  occupations  by  affording  concise  information 
concerning  the  most  approved  kinds  of  apparatus,  the  classification  and  properties  of  explosives, 
and  the  best  known  means  of  preventing  accidents  in  tho  use  ot  them.  The  work  gives  not  only 
an  explanation  of  the  construction  and  safe  application  of  blasting  appliances,  the  properties  of 
explosives,  and  the  difficulties  and  dangers  incurred  in  daily  work,  but  it  also  serves  as  an  easy 
introduction  to  the  study  of  electricity — without  at  least  a  rudimentary  knowledge  of  which  no 
mining  official  can  now  be  considered  adequately  trained.  Particular  attention  has  been  devoted 
to  the  problem  of  safe  shot  firing  in  coal  mines,  and  an  attempt  has  been  made  to  present  the 
caost  reliable  information  on  the  subject  that  experience  and  recent  research  have  made  possible. 

Maurice— THE  SHOT-FIRER'S  GUIDE  :  A  Practical  Manual  on 

Blasting  and  the  Prevention  of  Blasting  Accidents.  By  W.  Maurice,  M.I.M.E.,  A.I.E.E. 

35.  6d.  nett. 

This  work  covers  the  entire  field  of  mining  work  in  collieries,  quarries,  &c.,  where  shot 
tiring  is  an  essential  part  of  the  operations.  The  work  has  been  specially  prepared  in  the 
popular  Question  and  Answer  setting  as  a  Guide  Book  for  the  use  of  Colliery  Managers  Mining 
Students,  Underground  Officials,  Quarry  Owners  and  all  interested  in  the  safe  application  of 
Explosives.  "The  Shotfirer's  Guide  "  contains  references  to  the  latest  researches  into  the  Coal 
Dust  question,  including  Dr.  Henry  Payne's  Paper  before  the  Coal  Mining  Institute  of  America, 
Dr.  Snell's  Presidential  Address  to  the  British  Medical  Association,  and  the  Experiments  that 
are  being  carried  out  by  the  Mining  Association  of  Great  Britain  at  Altofts.  Such  a  book  will 
be  indispensable  alike  to  busy  mine  managers,  whose  reading  .time  is  limited,  and  to  students 
and  workmen  who  realise  the  necessity  for  making  themselves  thoroughly  aufciit  with  one  of  the 
most  difficult  of  mining  problems.  A  collection  of  Examination  Questions  relating  to  Shot- 
firing  is  appended. 

Phillips— THE    BIBLIOGRAPHY    OF    X-RAY    LITERATURE 

AND  RESEARCH.  Being  a  carefully  and  accurately  compiled  Ready  Reference  Index 
to  the  Literature  on  Rontgen  or  X-Rays.  Edited  bv  C.  E.  S.  Phillips.  With  an  Historical 
Retrospect  and  a  Chapter,  "  Practical  Hints,"  on  X-Ray  work  by  the  Editor.  Price  35. 

Pritchard— THE    MANUFACTURE    OF    ELECTRIC    LIGHT 

CARBONS.  By  O.  G.  Pritchard.  A  Practical  Guide  to  the  Establishment  of  a  Carbon 
Manufactory.  Fully  illustrated.  Price  is.  6d.,  post  free  is.  qd. 

Raphael— THE  LOCALISATION  OF  FAULTS  IN  ELECTRIC 

LIGHT  MAINS.  By  F.  Charles  Raphael.  New  Edition  in  preparation. 
Although  the  localisation  of  faults  in  telegraph  cables  has  been  dealt  with  fully  in  several 
hand-books  and  pocket-books,  the  treatment  of  faulty  electric  light  and  power  cables  has  never 
been  discussed  in  an  equally  comprehensive  manner.  The  conditions  of  the  problems  are, 
however,  very  different  in  the  two  cases ;  faults  in  telegraph  cables  are  seldom  localised  before 
their  resistance  has  become  low  compared  with  the  resistance  of  the  cable  itself,  while  in  electric 
light  work  the  contrary  almost  always  obtains.  This  fact  alone  entirely  changes  the  method  of 
treatment  required  in  the  latter  case. 
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Raymond-Barker— THE  TWO-TONE  VIBRATING  TRANS- 
MITTER AN  l )  CABLE  INDUCTIVE  SIGNALLING.  By  Edward  Raymond-Barker. 
M.I.E.E.  Fully  illustrated,  is.  nett;  by  post,  is.  3d. 

This  book  gives  a  Description  of  a  Novel  Telegraphic  Apparatus  and  Equal-Time- 
Element  System  for  Electro-Vibrating  Telegraphic  Working. 

Among  the  uses  to  which  this  Book  may  be  put,  that  of  affording  in  Physical  Lecture 
Rooms  interesting  Examples  illustrating  Theoretical  Principles  will  be  found  worthy  of  attention. 

Robinson  and  Warrilow— « THE  ELECTRICIAN"  WIRE- 
MAN'S  POCKET-BOOK  AND  ELECTRICAL  CONTRACTOR'S  HANDBOOK. 
Compiled  by  A.  W.  Robinson  and  W.  E.  Warrilow,  A. M.I.E.E.  Fully  Illustrated. 
55.  nett,  by  post  55.  jd. 

The  following  is  a  brief  synopsis  of  the  contents  :  Systems  of  Wiring  j  Wiring  Diagrams,  Typical 
Interior  and  Exterior  Installations  (Residences,  Shops,  Churches,  Chapels,  Public  Buildings,  Exhibitions, 
&c.)  f  Temporary  Wiring  and  Illumination  ;  Testing  and  Testing  Instruments ;  Wiring  Rules ;  Notes 
and  Data  on  Illuminating  Engineering;  Metal  Filament  Lamps;  Shades  and  Reflectors;  Lanterns 
and  Special  Fittings  ;  Arc  Lamps  and  Accessories  ;  Illumination  Curves,  &c. ;  Small  Motors  for  Trade 
and  Domestic  Purposes ;  Erection  and  Maintenance  of  Steam,  Gas,  Paraffin  and  Petrol  Engines  and 
Water  Turbines ;  Batteries  and  Switchgear ;  General  Notes  on  Running  of  Plant,  &c. 

Sayers— BRAKES  FOR  TRAMWAY  CARS.    By  Henry  M.  Sayers, 

M.I.E.E.    Illustrated.     35.  6d.  nett, 

A  series  of  valuable  articles  on  the  general  principles  which  should  determine  the  design 
and  choice  of  brakes  for  tramcars.  Owing  to  the  author's  extensive  experience  in  the  construction 
and  working  of  tramways.  This  work  should  prove  invaluable  to  engineers  and  managers  of 
tramway  networks  and  all  who  are  interested  in  tramway  management. 

Searle— ON  RESISTANCES  WITH  CURRENT  AND  POTEN- 
TIAL REGULATORS.  By  G.  F.  C.  Searle,  M.A.,  F.R.S.  as,  nett. 

Shaw— A  FIRST- YEAR  COURSE  OF  PRACTICAL  MAGNET- 

ISM  AND  ELECTRICITY.  By  P.  E.  Shaw,  B.A.,  D.Sc.,  Senior  Lecturer  and  Demon- 
strator in  Physics  at  University  College,  Nottingham.  Price  25.  6d.  nett ;  zs.  gd.  post  free. 
The  many  small  books  on  Elementary  Practical  Physics,  which  are  suitable  for  schools  or 
for  university  intermediate  students,  all  assume  in  the  student  a  knowledge  of  at  least  the  rudi- 
ments of  algebra,  geometry,  trigonometry  and  mechanics.  There  is,  however,  a  large  and  grow- 
ing class  of  technical  students  who  have  not  even  this  primitive  mathematical  training,  and  who 
cannot,  or  will  not,  acquire  it  as  a  foundation  for  physical  science.  They  enter  the  labora- 
tory and  ask  for  an  introduction  to  such  fundamentals  of  the  subject  as  most  affect  the  arts  and 
crafts.  On  the  one  hand,  mere  qualitative  experiments  are  of  little  use  to  these  (or  any  other) 
students;  on  the  other  hand,  mathematical  expressions  are  stumbling  blocks  to  them.  In 
attempting  to  avoid  both  these  evils.  I  have  sought  to  make  the  experimental  work  as  quantitative 
as  possible,  yet  to  avoid  mathematics.  As  novelties  in  such  a  work  as  this  the  ammeter  and  volt- 
meter are  freely  introduced,  also  some  simple  applications  of  the  subject — e.g.,  the  telephone, 
telegraph,  &c.  There  are  three  introductory  exercises,  six  exercises  on  magnetism,  twenty  on 
electricity  and  six  on  the  applications. 

Soddy — RADIO-ACTIVITY  :     An   Elementary   Treatise  from   the 

Standpoint  of  tbe  Disintegration  Theory.     By  Freak.  Soddy,  M.A.    Fully  Illustrated,  and 
with  a  full  Table  of  Contents  and  extended  Index.    6s.  6d.  nett. 

Extract  from  Author's  Preface. — In  this  book  the  Author  has  attempted  to  give  a  COD- 
nected  account  of  the  remarkable  series  of  investigations  which  have  followed  M.  Becquerel's 
discovery  in  1896  of  a  new  property  of  the  element  Uranium.  The  discovery  of  this  new  pro- 
perty of  self-radiance,  or  "radio-activity,"  has  proved  to  be  the  beginning  of  a  new  science,  in 
the  development  of  which  physics  and  chemistry  have  played  equal  parts,  but  which,  in  the 
course  of  only  eight  years,  has  achieved  an  independent  position.  .  .  .  Radio-activity  has 
passed  from  the  position  of  a  descriptive  to  that  of  a  philosophical  science,  and  in  its  main 
generalisations  must  exert  a  profound  influence  on  almost  every  other  branch  of  knowledge. 
It  has  been  recognised  that  there  is  a  vast  and  hitherto  almost  unsuspected  store  of  energy  bound 
in,  and  in  some  way  associated  with,  the  unit  of  elementary  matter  represented  by  the  atom  of 
Dalton.  .  .  .  Since  the  relations  between  energy  and  matter  constitute  the  ultimate  ground- 
work of  every  philosophical  science,  the  influence  of  these  generalisations  on  allied  branches  of 
knowledge  is  a  matter  of  extreme  interest  at  the  present  time.  The  object  of  the  book  has  been 
to  give  to  Students  and  all  those  who  are  interested  in  any  branch  of  science  a  connected  account 
of  the  main  arguments  and  chief  experimental  data  by  which  the  results  have  been  achieved. 

TEMPERATURE    COEFFICIENTS    OF    "  CONDUCTIVITY " 

COPPKR.     Strongly  bound  in  cloth,  2s.  6d.  nett. 

The  compilers  (Messrs.  CLARK,  FORDE  and  TAYLOR,  the  well-known  consulting  engineers)  have 
made  fresh  investigations  of  the  temperature  coefficient  over  the  range  of  temperature  to  which  Cables 
are  usually  exposed,  and  the  results  of  their  investigations  are  now  published. 

TABLE  I.  gives  the  reist.  at  different  temperatures  when  the  Res.  at  32°F.  =  1.    TABLE  II.  gives 
the  resist,  at  different  temperatures  when  the  Res.  at  60°F.  =  1 .    TABLE  III.  gives  the  resist,  at  different 
temperatures  when  the  Res.  at  75°F.  =  1  :  and  TABLE  IV.  gives  the  log.  reciprocals  of  coefficients  in 
Table  III. 
SHEET  TABLE  SHOWING  LOG.  RECIPROCALS  OF  COEFFICIENTS  FOR  COPPER 

RESISTANCES.       At     different     temperatures    from  32°F.    to    84-9° F.       On    strong 

cardboard,  price  6d.  nett. 
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Wade— SECONDARY  BATTERIES  :  THEIR  MANUFACTURE 

AND  USE.   ByE.  J.Wade.  Nowready.  seepages.   265  Illustrations.  Price  los.  6d.  nett. 

In  this  work  the  Author  deals  briefly  with  the  Theory  and  very  fully  with  the  Chemistry, 
Design,  Construction  and  Manufacture  of  Secondary  Batteries  or  Accumulators.  Prospectuses, 
post  free,  on  application. 

The  scope  of  Mr.  Wade's  important  work  covers  the  whole  class  of  apparatus  embraced  in 
the  theory,  construction  and  use  ot  the  secondary  battery.  The  major  portion  of  the  book  treats 
the  accumulator  purely  from  the  point  of  view  of  an  appliance  which  fulfils  an  important  and 
definite  purpose  in  electrical  engineering  practice,  and  whose  manufacture,  use  and  properties 
must  be  understood  just  as  fully  as  those  of  a  generator  or  a  transformer.  The  concluding 
chapter  (X.)  gives  a  complete  description  of  all  modern  electrical  accumulators.  The  book 
contains  265  illustrations  and  a  very  copious  index: 

Warrilow— See  ROBINSON  AND  WARRILOW,  p.  12. 
Wilkinson— SUBMARINE  CABLE-LAYING  AND  REPAIRING. 

By  H.  D.  Wilkinson,  M.I.E.E.,  &c.   Over  400  pages  and  200  specially  drawn  illustrations. 

Second  Edition.     Price  155.  nett. 

This  work  describes  the  procedure  on  board  ship  when  removing  a  fault  or  break  in  a 
submerged  cable  and  the  mechanical  gear  used  in  different  vessels  for  this  purpose ;  and  considers 
the  best  and  most  recent  practice  as  regards  the  electrical  tests  in  use  for  the  detection  and 
localisation  of  faults,  and  the  various  difficulties  that  occur  to  the  beginner.  It  gives  a  detailed 
technical  summary  of  modern  practice  in  Manufacturing,  Laying,  Testing  and  Repairing  a  Sub- 
marine Telegraph  Cable.  The  testing  section  and  details  of  'boardship  practice  have  been  prepared 
with  the  object  and  hope  of  helping  men  in  the  cable  services  who  are  looking  further  into  these 
branches. 

Woods— ESTHER  :   A  Theory  of  the  Nature  of  ^ther  and  of  its 

Place  in  the   Universe.    By   Hugh  Woods,   M.D.,    M.A.O.,  B.Ch.,  B.A.    8vo.    Bound 
strong  cloth.     Price  45.  6d.  nett,  post  free  45.  gd. 

Young— ELECTRICAL   TESTING  FOR   TELEGRAPH   ENGI- 
NEERS.    By  J.  Elton  Young.     Very  fully  illustrated.    New  Edition  in  preparation. 
This  book  embodies  up-to-date  theory  and  practice  in  all  that  concerns  everyday  work  of 
the  Telegraph  Engineer. 

CONTENTS. 


Chapter VII.— Measurement  of  InductiveCapa- 
city. 

„  VIII.— Localisation  of  Disconnections. 

„      IX.— Localisation  of  Earth  and  Con- 
tacts. 

,,        X. — Corrections  of  Localisation  Tests. 

„      XL— Cable  Testing  during  Manufac- 
ture, Laying  and  Working. 
XII.— Submarine  Cable  Testing  during 
Localisation  and  R 


Chapter    I. — Remarks  on  Testing  Apparatus, 

„  II. — Measurements  of  Current,  Poten- 
tial &  Battery  Resistance. 

„      III.— Natural  and  Fault  Current. 

,,  IV. — Measurement  of  Conductor  Re- 
sistance. 

„  V.— Measurement  of  Insulation  Re- 
sistance. 

,,  VI. — Corrections  for  Conduction  and 

Insulation  Tests.  Localisation  and  Repairs. 

THE  INTERNATIONAL  TELEGRAPH  CONVENTION  AND 

SERVICE  REGULATIONS.  (Lisbon  Revision,  1908.)  The  complete  Official  French 
Text  with  English  Translation  in  parallel  columns,  by  C.  E.  J.  Twisadav  (India  Office, 
London),  Geo.  R.  Neilson  (Eastern  Telegraph  Co.,  London),  and  officially  revised 
by  permission  of  H.B.M.  Postmaster-General.  Cloth  (foolscap  folio),  6s.  nett;  (demy 
folio),  8s.  6d.  nett,  or  foolscap,  interleaved  ruled  paper,  8s.  6d.  nett.  Postage  6d. ; 
abroad,  od. 

INTERNATIONAL  WIRELESS  TELEGRAPH  CONFERENCE, 

BERLIN,  1903.  Full  Report  of  the  Proceedings  at  the  Conference.  Translated 
into  English  by  G.  R.  Neilson.  Officially  accepted  by  the  Post  Office  Authorities. 
Bound  Cloth,  6s.  postage  per  copy  6d.,  abroad  is. 

INTERNATIONAL     RADIO-TELEGRAPHIC     CONFERENCE, 

BERLIN,  October-November,  1906,  with  the  International  Radio-Telegraphic  Conven- 
tion, Additional  Undertaking,  Final  Protocol  and  Service  Regulations  in  French  and 
English.  Officially  accepted  Translation  into  English  of  the  complete  Proceedings  at 
this  Conference.  This  translation,  which  has  been  made  by  Mr.  G.  R.  Neilson,  is  pub- 
lished under  the  authority  of  H.B.M.  Postmaster-General,  and  is  accepted  as  official  by 
the  British  Government  Departments  concerned.  Strongly  bound  in  cloth,  155.  nett; 
leather,  IQS.  nett.  (lettered  free).  Postage  per  copy  :  U.K.  6d. ;  abroad  is.  6d. 

ELECTRICITY  IN  MINES.— Under   the  new  Rules  and   Regula- 

tions  concerning  the  Use  of  Electricity  in  Mining  Operations,  it  is  compulsory  that 
directions  for  the  effective  Treatment  of  Cases  of  Apparent  Death  from  Electric  Shock  be 
conspicuously  placed  in  certain  prescribed  positions  in  the  Mines. 

A  set  of  these  DIRECTIONS,  with  illustrations  showing  the  method  of  application, 
accompanied  by  PRECAUTIONS  to  be  adopted  to  prevent  danger  from  the  electric  current; 
and  INSTRUCTIONS  for  dealing  with  BROKEN  ELECTRIC  WIRES,  is  now  ready. 

PRICES  : — On  paper,          i7in.  by  i2jin 4d.  each  ;   33.  6d.  per  dozen. 

On  card,  ditto  ..         ..        8d.     „         6s.  6d.          „ 

Post  free  or  carriage  paid  in  each  case. 

"THE  ELECTRICIAN"  PRIMERS.  See  complete  list  on  p.  8. 

A  further  volume  of  "  The  Electrician  "  Primers  is  in  the  press.  The  new  volume  will  deal 
exclusively  with  practical  applications  of  electricity  to  industrial  operations. 
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Portraits— STEEL-PLATE  PORTRAITS.      Price  is.   each;  post 

free  on  Roller,  is.  2d.     India  mounts  is.  extra.     Or  framed  in  neat  Black  Pillar  or  Browi> 
Ornamental  Frames,  price  45.  6d.  ;  carriage  paid  (U.K.)  55.   If  with  mounts  is.  extra. 


LORD  KELVIN. 
SIR  WILLIAM  CROOKES. 
SIR  OLIVER  J.  LODGE. 
HERMANN  VON  HELMHOLTZ. 
LORD  RAYLEIGH.  [F.R.S. 

PROF.  SIR   T.  J.  THOMSON, 
HEINRICH  HERTZ. 
WILLIAM  STURGEON. 


PROF.  W.  E.  AYRTON. 

DR.  JOHN  HOPKINSON,  M.A. 

SIR  JOSEPH  WILSON  SWAN. 

WERNER  VON  SIEMENS. 

SIR  WM.  SIEMENS. 

ALEXANDER  SIEMENS. 

Col.  R.  E.  R.  CROMPTON,  C.B. 

SIR  JOHN  FENDER,  G.C.M.G. 


*MICHAEL  FARADAY. 
*WILI.OUGHBY  SMITH. 
SIR  JAMES  ANDERSON. 
CYRUS  W.  FIELD. 
SIR  W.  H.  PREECE,  K.C.R. 
SIR  HENRY  C.  MANCE,  C.I.E. 
C.  H.  B.  PATEY,  C.B. 
*  is.  extra. 


Price  £1 .  5s.,  in  Sepia  or  Black ;  in  very  Massive  Frame,  £2.  2s. 
A  Handsome  Plate  Reproduction  of  ROBERT  DUDLEY'S  famous  Painting  of 

(By  permission  of  the  Executors  of  the  late  Sir  JAMES  ANDERSON.) 

The  subject  measures  24  in.  by  17  in.,  and  is  India  mounted  on  fine  etching  boards,  the  mount 
measuring  27  in.  by  21  in.  The  entire  plate  measures  36  in.  by  27  in. 

"THE  ELECTRICIAN"  ELECTRICITY  SUPPLY, 
POWER  AND  HEATING  BOOKLETS. 

A  number  of  Booklets  and  Leaflets  dealing  with  the  various  Applications  of  Electricity  to  Local  Con- 
sumers has  been  prepared  by  Mr.  W.  E.  Warrilow,  A.M.I.E.E.,  and  these  have  had  a  large  circulation. 
They  are  being  added  to  from  time  to  time,  and  the  list  available  at  September,  1911,  includes  the 
following : — 

INDUSTRIAL  POWER  SERIES. 

1.  Electric  Power  in  Woodworking  Shops.  6.  Portable  Electric  Tools  and  Appliances. 

2.  Electric  Power  in  Engineers'  Workshops.  7.  Ten  Minutes  with  the  Electric  Motor  (C.C.). 

3.  Electric  Power  in  Printing  Works.  8.  Ten  Minutes  with  the  Three-Phase  Motor. 

4.  Electric  Passenger  and  Goods  Lifts.  9.  Electric  Organ  Blowing. 

5.  Electric  Power  in  Bakeries.  10.  What  the  Small  Motor  Can  Do. 

LIGHT  AND  HEAT  SERIES. 

1.  White  and  Golden  Lights  (Flame  Arcs).  3.  Electricity  in  the  Kitchen. 

2.  Electric  Heat  in  the  Home.  4.  Electric  Signs.  5.  Electric  Fans. 
These  Booklets  are  supplied  at  the  prices  below  set  out: — 

Prices  for  "Industrial  Power"  and  "Light  and  Heat"  Series  of  Copyright 

Booklets. 

£   s.    d.  £    s.    d. 

50  copies oio     o  500  copies 310    o  \  Net  assorted. 

TOO        ,,     017     6  750       ,,      410    o  'r  If  of  any  one  Book- 

25°        M     ; i  17     6         1,000       ,,      5     5     o)    let  less  5  per  cent. 

If  ordered  in  quantities  of  not  Jess  than  2^0  (assorted  or  otherwise),  the  front  and  back  pages  of  the 
Booklets  (whether  white  paper  or  coloured)  can  be  primed  with  text  or  illustrations  supplied  by  the 
Purchaser  at  the  prices  following  : — 

s.    d.  s.    d. 

250  copies 10    9  extra.  1,000  copies 15    6  extra. 

5°°        M     12     6     ,,  1,500      ,,      17    9     ,, 

750       „     14    o      ,,  2,000       ,,     20    o     ,, 

Or  Purchasers'  own  covers  can  be  attached  to  the  pamphlets  (carefully  printed  to  cut  to  the  booklet 
size),  at  a  small  charge  for  the  woik  involved.  In  this  way  any  printed  matter  can  be  included  with  the, 
Booklets. 

Estimates  for  ?ny  desired  printed  matter  in  connection  with  the  Booklets,  either  bound  in  or  separately, 
will  be  furnished  free  on  request. 

Special  text  and  illustrations  for  pamphlet  literature  on  any  electrical  subject  will  be  provided 
promptly  on  application  to  the  Industrial  Department,  "The  Electrician"  Printing  &  Publishing  Co., 
Ltd.,  i,  2  and  3,  Salisbury  Court,  Heel  Street,  London,  E.C.  (Telephone:  Holborn  6363  and  6364.) 

ELECTRICITY    SUPPLY,   TRACTION    AND    POWER   TABLES, 

Useful  and  Complete  Group  of  Statistics,  &c.,  for  Local  Authorities,  Supply  Station 
Engineers,  Consulting  and  Contracting  Engineers.  Manufacturing  and  Supply  Houses,  &c. 

TABLE  I.— Electricity  Supply  Undertakings  of  tbe  United  Kingdom,  with  no  Tram- 
way Load,  containing  particulais  ot  the  System  employed,  Voltage,  Frequency,  Connec- 
tions, Number  of  Consumers,  &c.,  and  complete  Technical  Information  as  to  the 
Equipment  of  each  Station. 

TABLES  la  and  II.— Towns  taking  Electricity  Supply  "In  Bulk,"  giving  fun  particulars 
in  each  case;  and  E  ectiicity  Works  Supplying  tooth  lighting  and  Tramways, 

containing  similar  information  to  Table  1.  for  Stations  with  a  Combined  Lighting  and 
Tramway  Load. 

TABLE  III.— Electric  Power  Undertakings  of  the  United  Kingdom,  containing  a  List  oi 

the  various  Power,  Companies,  particulars  of  the  Systems  eroploved  and  Areas  covered 
(with  Maps  up-to-date),  and  Technical  Information  with  regaid  to  the  Stations,  Mains, 
Sub-stations,  &r. 

TABLES  IV.,  V.  and  VI.— Electric  Tramways  and  Railways  of  the  United  Kingdom 

including  those  with  their  own  Power  Houses  and  those  which  buy  their  Power.  Foi  the 
former  full  particulars  are  given  as  to  Power  Station  Equipment,  and  in  both  cases 
information  is  inrlndfd  as  to  Track,  Line  Equipment,  Feeders.  Rolling  Stock,  &.c. 
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ELECTRICITY  SUPPLY,  TRACTION  AND  POWER  TABLES.— Continued 

TABLES  VII.  and  VIII.— Colonial  and  Foreign  Electricity  Supply  Works,  giving  technical 

particulars  of  the  Generating  Plant,  System  of  Distribution,  Periodicities,  Voltages. 
Connections  to  Mains,  &c.,  of  the  principal  Electricity  Supply  Undertakings  of  the 
Colonies,  Central  and  South  America,  Japan,  &c.,  &c.,  and  Colonial  and  Foreign. 
Electric  Tramways,  giving  particulars  of  Power  House  Equipment,  Track,  Line 
Equipment,  Feeders,  Rolling  Stock,  &c.  A  valuable  compilation  for  exporters  of  engi- 
neering specialities. 

The  whole  set  will  be  sent  (complete  with  Index)  post  free  for  6s.  6d. 
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